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Abstract
Eukaryotic flagella and cilia are long rod-like extensions of cells, which play a funda-
mental role in single cell movement, as well as in fluid transport. Flagella and cilia
contain a highly evolutionary conserved mechanical structure called the axoneme.
The motion of the flagellum is generated by dynein motor proteins, located all along
the length of the axonemal structure.
Fluorescent ATP analogs have been a useful tool to study ATPase activity of
various motor proteins. Methylanthraniloyl adenosine triphosphate (mant-ATP) has
been previously used to probe the activity of various ATPases, including dynein. It
has been shown by various authors, that MANT-ATP supports dynein activity as
well as the axonemal beat. However, direct observations of binding to the axonemal
structure were not previously reported.
Using highly sensitive fluorescent microscopy to monitor the binding of the flu-
orescent ATP analog, I probed dynein activity directly in the immobilized intact
axoneme for the first time.
To understand these kinetics a kinetic model was developed. By fitting this
model to experimental data I was able to identify ATP-binding sites with distinct
kinetic properties in the axoneme.
I report a turnover rate of k = 0:02 s 1 at 1M mant-ATP for dynein. More-
over, I discovered that there is binding of the ATP analog to the axoneme with a
much higher rate of k = 11 s 1 at 1M mant-ATP. By the application of this
method to axonemes with reduced dyneins, it has been identified that the slow rate
belongs to dynein.
v
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Chapter 1
Introduction
1.1 Cilia and flagella are fascinating organelles
Eukaryotic flagella and cilia1 are elongated organelles, which are used by cells to
swim through fluid, carpets of these organelles are used to propagate fluids along
cell surfaces. Cilia and flagella beat in a beautiful wave pattern, which has drawn
the attention of scientists from various fields.
Chlamydomonas reinhardtii Trypanosoma abeli Sus scrofa
Nasal epithelium Paramecium
Figure 1.1: Motile cilia and flagella can be found in a variety of organisms. Scale
bars 10m, images adapted from l-r-t-b [77, 44, 23, 30, 18].
The structure of cilia and flagella is incredibly well conserved, it is thought that
the last common ancestor of eukaryotes possessed a cilium, which means that the
cilium is over 1 billion years old [69]. This leads us to think that motile cilia and
1The terms cilia and flagella of eukaryotes will be used interchangeably in this text, as there is
no current consensus on the terminology
7
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flagella have been a great advantage for the eukaryotic cells that posses them and
that its mechanism has been perfected by many years of evolution. An important
property of the cilium is that the isolated core structure can be reactivated in vitro
with simply adding energy in form of ATP, and will have a beating pattern very
similar to the pattern observed in the live cell [24].This tells us that the structure
inside the cilium is self-regulating, it does not require signals from the cell to create
motion.
Finding out how cilia work is a very interesting task, it spans the interest of various
fields. Cilia and flagella a model for collective dynamics of active matter, they are
low Reynolds number swimmers, they are also a great object for structural studies
due to their repetitiveness, an interesting example of cytoskeleton with non-trivial
length regulation. My interest, and the interest of this thesis, is finding out about
the motors, that generate force in the cilium.
1.2 Chlamydomonas reinhardtii as a model or-
ganism
Figure 1.2: False-colored scanning electron microscope image of Chlamydomonas
reinhardtii , image from the NSF library [20].
Chlamydomonas reinhardtii is a unicellular green algae which uses its two flag-
ella to propel itself through liquid. It is a great model organism, and has long
been used to study cilia. There are several advantages to using C. reinhardtii .
The cells are quite easy to grow in a laboratory setting in large amounts (this is
needed for axonemal protein purification). A great advantage is that there is a
library of mutants available, and many of those mutants have defects of the flag-
ellum, are missing various structures of the axoneme and have a swimming phe-
notype that is different from the wild-type organism, allowing to draw conclusions
about the importance of various structures in the axoneme. Many mutants are
available from http://www.chlamycollection.org/, maintained by the Chlamy-
8
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domonas Resource Center at University of Minnesota. Mutants lacking dynein arms
will be of particular interest in this work.
1.3 What is inside the cilium?
The cilium consists of the core structure called the axoneme, surrounded by an ex-
tension of the cell plasma membrane (see figure 1.3a). The typical axoneme, in turn,
consists of nine microtubule doublets which are arranged in a nine-fold symmetry
around the circumference. There are also two single microtubules in the center of
the axoneme, called the central pair. This arrangement is often referred to as the
“9+2 axoneme”. Other arrangements of microtubules exist, such as 9+0 or 9+1, but
they will not be discussed in this work.
(a) Transmission electron micrograph of
a chlamydomonas cilium.
(b) Cross-section of the axoneme, show-
ing structural elements.
Figure 1.3: Internal structure of the axoneme. (A) Transmission electron micro-
graph of a chlamydomonas cilium attached to the cell (left panel) and close-up view
of the cilium and the tip (right panel). Scale bars 1m and 0.1m. Image adapted
from [54]. (B) Cartoon showing in detail the cross-section of the axoneme, and the
structural elements. Image from [47].
There are also other structural elements inside the axoneme, noteably, radial
spokes, which protrude from the doublets to the center of the axoneme and nexin
links, which connect the doublets along the structure’s circumference, there are also
inner and outer dynein arms, the DRC - dynein regulation complex. Many axone-
mal proteins are yet to be identified, the axoneme remains is an object of ongoing
research.
The skeleton of the axoneme, doublet microtubules, are ‘microtubule and a half’
9
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structure. They consist of a full 13-protofilament A-tubule and the B-tubule, which
is fused to it, and likely contains 10 protofilaments [50, 45]. I will provide more
detail about the doublets in the next section. Force in the axoneme is generated
by dynein motor proteins, depicted in red in Figure 1.3. They are firmly attached
to the A-tubule and walk on the adjacent B-tubule of the next doublet, producing
a sliding force between the adjacent doublets. These motors come in two sets -
the inner dynein arms, located closest to the center of the structure, and the outer
dynein arms, located on the outer circumference.
Not only is the axoneme structure somewhat circularly symmetric, it is also repeti-
tive along the length, every 96 nm the arrangement of the main proteins (dyneins,
radial spokes, etc) repeats itself. The width of a typical axoneme is about 200nm,
the length of the structure varies depending on organism, in the case of Chlamy-
domonas reinhardtii it is about 10m.
1.4 Microtubules and microtubule doublets
The scaffold of the axoneme consists of microtubules and microtubule doublets. Mi-
crotubules are hollow cylinders, with a diameter of about 24nm (see figure 1.4a).
They are made up of tubulin subunits, each one is a heterodimer of  and  tubulin
proteins, the dimer is shown in figure 1.4b. Each dimer is about 8nm in length.
Both  and  monomers have a binding site for one molecule of GTP. The GTP
molecule bound to the -tubulin monomer binds in the dimer  interface and is
never hydrolyzed. In the -tubulin binding site for GTP can be hydrolyzed and is
either in GTP or GDP form [1, 51].
Tubulin dimers bind to each other in a head-to-tail manner, stacks of dimers, that
form along the length of the microtubule are called protofilaments. A typical micro-
tubule consists of 13 protofilaments. This form of stacking makes the microtubule
a polar structure, one end will have  tubulin at the interface, the other will end in
-tubulin. The rates of attachment of free dimers differ on the two ends, this leads
to one end growing much faster than the other. The “fast” end, which terminates
with a  tubulin, is thus called the “plus” end, and the slower-growing end, termi-
nating with an -tubulin is called the “minus” end.
Microtubule doublets are also structures made of tubulin, they can be thought
of a full microtubule with a partial microtubule fused to it. As can be seen in figure
1.5, the A tubule has 13 protofilaments and the B tubule has 10 protofilaments of
10
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(a) Microtubule assembly
β
α
GTP
GDP
Taxol
(b) Tubulin dimer
Figure 1.4: Drawing of a structure of a microtubule, showing assembly from dimers
of tubulin molecules (adapted from [17]), and cartoon of secondary structure of the
tubulin dimer with bound nucleotides and taxol (from [57])
its own and shares five more with the A tubule. We know that these structures are
quite stable, and can not be disassembled as easily as cytoplasmic microtubules [78].
It is interesting to note that the doublets have not been reassembled in vitro so far.
Even when an axoneme fragment is used as a template, single microtubules rather
than doublets grow from these templates [7, 6].
1.5 The flagellar beat
Motile eukaryotic cilia and flagella beat with a beautiful wave motion. An intrigu-
ing property of the cilia, is that it’s internal axoneme structure will reproduce the
beat without input from the cell. There are a few ways to observe this. The mem-
brane of a cell, for example a spermatozoon or Chlamydomonas cell and the cilia
can be removed with detergent, which will kill the cell and expose the axoneme.
Then, if the demembranated cells and ATP are combined, the demembranated cilia
will start to beat, reproducing the motion that they had, when the cell was alive [26].
Another assay, which can be performed with some cells, for example Chlamydomonas,
allows one to separate the cilia from the cell, and then take off the membrane, ob-
taining completely isolated axonemes. As was shown first by Brokaw in [11] the
axonemes are placed in an ATP-containing buffer, they will also reactivate and re-
11
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A
B
(a) Electron micrograph
A B
(b) Cartoon of doublet assembly
Figure 1.5: Electron micrograph and cartoon of microtubule doublets. Adapted
from [50]
produce the beat.
A montage of the beat of an isolated wild-type Chlamydomonas reinhardtii axoneme,
taken with a phase-contrast microscope can be found in Figure 1.6. The wild-type
axoneme beats at a maximum of about 60 Hz both when attached to the cell and
when isolated [81, 82].
The possibility of reactivation of the axonemes means, that the axoneme does not
need input from the cell for beating. This is a very important finding, and like most
important findings raised many questions regarding how the beat is produced and
regulated, which are being worked on to this day.
Figure 1.6: Montage of the beat of C. reinhardtii , at 1mM ATP. Images taken
with phase-contrast microscopy, scale bar 10m:
During the beat, the dynein motor proteins are active, they produce sliding be-
tween the microtubule doublets. The motors are attached to one doublet at the tail,
and walk on the adjacent doublet in the minus-direction of the microtubule, causing
sliding between the doublets. There are structural elements in the axoneme, which
12
CHAPTER 1. INTRODUCTION
link the doublets, preventing them from sliding out. These links restrain the sliding
motion, turning the sliding into bending. In figure 1.7 a cartoon of this scheme is
shown.
The sliding hypothesis can be proven with a very elegant experiment, first pub-
lished by Summers and Gibbons in 1971 [74]. In this experiment, they used trypsin
to slightly digest the internal structure of axoneme, thus breaking the inter-doublet
connections. Then ATP was added, which caused the doublets to slide or telescope
out. This shows, that when the structural links between the doublets are released,
while dynein motors still produce a force, they are free to make the doublets slide.
The assay has since become one of the standard axoneme assays [3] and led to in-
teresting discoveries (described for example in [72, 65, 60]).
Figure 1.7: Bending turns to sliding. Modified from [1]
1.6 Dynein motor proteins
The dynein motor protein was the first microtubule-dependent motor protein to be
discovered [41], it was found in eukaryotic cilia by Gibbons and Rowe in 1965 [27].
Since then scientists have discovered quite a bit more about this protein, using a
multitude of approaches. Other than in the axoneme, dynein motors can be found in
the cytoplasm of cells, there they transport cargo along the microtubule cytoskele-
ton, they have also been found to exert forces during cell division. Below, I will
summarize the main characteristics of the protein, which are important to this work.
Dynein is a complex protein, consisting of several domains: the heavy chain
(heavy chain (HC) or dynein heavy chain (DHC)), the linker, stalk, microtubule-
binding domain (MTBD), neck and tail as shown in figure 1.8. There are currently
no crystal structures for axonemal dynein heavy chain available, however there are
13
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(a) Sequence diagram of a dynein motor [48]
(b) Cartoon, showing the structure of
a folded dynein [48]
(c) Crystal structure of the AAA+
domains of Saccharomyces cerevisiae
cytoplasmic dynein [71]
Figure 1.8: Structure of the dynein motor protein.
well-resolved structures of similar cytoplasmic dynein. Conclusions about axone-
mal dynein structure are generally drawn from both electron microscopy and the
assumed similarity to cytoplasmic dynein. Several electron microscopy studies of
the protein that use docking of a known cytoplasmic structure are published, which
proves to be a good way to study the dynein motion and structural changes during
the hydrolysis cycle [48, 62].
The motor domain of the protein is quite large, with a molecular weight of about
300kDa, its crystal structure is shown in figure 1.8c. There are six AAA+ domains
within this structure. AAA stands for "ATPases associated with diverse cellular
activities", they all posses the characteristic nucleotide-binding and catalytic strud-
cure, called the AAA+ module, and true to their name, are involved activities such
as DNA replication, protein unfolding and degradation, peroxisome biogenesis, and
of course motor force production [73].
In the dynein protein, out of the six AAA+ domains, only four have been shown
to bind nucleotides AAA1, AAA2, AAA3, AAA4, and only one, AAA1, is responsi-
ble for force production [40]. The force-production site is also the AAA+ domain in
the structure, where the nucleotide-binding site is conserved most among all dyneins
[15, 40]. The other sites have been shown to have a role in supporting the motion
14
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Figure 1.9: Dynein motion during the powerstroke and corresponding reaction
scheme. Post-power-stroke state is noted as D and pre-power-stroke state as D*.
Underline shows states with predicted strong microtubule affinity. Image from [48].
by increasing efficiency of the motor [40].
Dynein is a minus-end directed motor protein, which means it walks along it’s
microtubule track towards the minus end. The power-stroke cycle of dynein is shown
in figure 1.9. In the nucleotide-free post power-stroke state, shown in panel a, the
motor is tightly bound to the microtubule, in the so-called ‘rigor’ state. Upon bind-
ing of ATP, the motor becomes loosely bound to the microtubule and dissociates
from its track in the pre-power-stroke state. A remodeling of the protein occurs next,
allowing the microtubule binding domain to relocate 8 nm down the microtubule.
The power-stroke completes, followed by release, completing the dynein ATP cycle
[40, 48].
Data obtained by FRET (förster resonance energy transfer) for cytoplasmic
dynein, has shown that the post-stroke to pre-stroke transition, c to d in figure
1.9, happens at the rate of 180s 1, while the reverse show a rate of 4:0s 1. The rate
of transition from pre-stroke to power-stroke can be estimated at  0:2s 1 [53]. The
rates of axonemal and especially cytoplasmic dynein are highly dependent on the
presence of microtubules [58, 56].
1.7 Physics of the axonemal beat
I would like to begin this section with referring to a very important and beautiful
paper by K. Machin [49], published in 1958. At this time, flagella were observed
and imaged, but there was not much understanding of the internal structure of the
flagellum. What drove the flagellar motion and where the driving force was located
was not clear.
Machin had two hypothesis of how the beat arises. The first assumed that the flag-
ellum is driven by an oscillator at the base, this is often called the ‘passive flagellum’
15
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model. The second hypothesis assumed that there was local bending produced by
contractile elements along the length of the flagellum, this model is often referred
to as the the ‘active flagellum’ model.
Taking into account viscous force from the surrounding fluid, the elastic properties
of the axoneme, and each of the force-generation models, he wrote down the force
balance equations. Performing calculations for each model of force-generation, he
obtained waveforms, which he then compared to the observed beating of sperm flag-
ella. From comparing the calculated and the observed waveforms, he was able to
conclude that the observed waveforms can not be explained by the passive flagellum
model, and that only the active flagellum model can generate the experimentally
observed waveforms.
In modern times, we know that there are not contractile elements, but motors that
cause doublet sliding, which leads to local bending, but this is just a small detail.
Without knowing anything about what is inside the axoneme, Machin was able to
make a very important discovery about the location of force production!
The next step in understanding the mechanism of the beat was the sliding model.
First evidence against the contractile element theory was established by finding that
the lengths of individual doublet tubules remained constant, measured by perform-
ing rapid fixation and subsequent electron microscopy in clam gill cilia [68, 67].
Further findings about the structure of the cilium, along with the discovery of dynein
[27], and the axoneme sliding disintegration assay [74] give us evidence that sides
with the sliding-to-bending model, which is the currently accepted.
1.7.1 Motors need to be regulated to achieve the beat
While the sliding-to-bending model answered some questions, many other questions
arose. Where are the motors active during the beat? How are they regulated?
Indeed, if the motors were all active at the same time, they would create, due to
the symmetry of the structure, a tug-of-war. From Machin’s work mentioned above,
we know that to produce a wave motion we need activity all along the length. This
leads us to two main conclusions (a) the motors are producing sliding on one side
at a time (or they are dominating on one side) (b) the motors are variably active
along the length. Because the axoneme can beat without the cell, we also know it
is the structure itself which signals the motors, presumably by a mechanical signal.
Current work follows the idea that you can assume a motor response model which
leads to a variable force along the length. This model can then be compared to
observed data. Judging by the goodness of the fit, one can then find the best
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model of force-generation. Among the ideas proposed about motor regulation three
have been most prevalent, I will provide a short description of each one. These
models have a defined mathematical interpretation as parameter dependencies, the
microscopic or molecular origin of the models is often only assumed or open to
interpretation.
Sliding control General idea: motor activity is dependent on the local sliding
displacement of the filaments [8, 61, 14]. Here the bending of the flagellum triggers
motors to activate on one side of the bend, and deactivate on the other.
Curvature control General idea: the local curvature of the axoneme is influenc-
ing motor activity [10, 66]. This behaviour could be explained by load dependent
detachment rate of motors.
Geometric clutch/normal force control General idea: during the beat, trans-
verse forces separate the doublets, which affects force-production [46]. When the
axoneme bends, the doublets separate, this separation could regulate the motors by
either a geometric argument, of be the production of a force, normal to the doublet.
1.7.2 There is a phase-shift between the wave of force and
the wave of motion
Cilia experience their environment at low Reynolds numbers, the value of this factor
for a typical cilium is around 10 3 10 5[49]. In a low-Reynolds number environment
viscous forces are dominating, and the inertial forces are negligible. This environ-
ment is quite counter-intuitive for a large swimmer, such as ourselves, for whom the
number is about 104 [19]. In this section, I will give some arguments for a traveling
wave of force in the axoneme.
To make an argument for the existence of a phase-shifted traveling wave of force
in the axoneme, I will refer to the "sperm equation" in the time-domain, it is a force
balance equation of viscous, elastic and internal motor forces. Here we consider
the axoneme as an Euler-Bernoulli beam, suspended in viscous fluid, ignoring the
inertial forces, and considering force generation in the axoneme, as a force-density
17
CHAPTER 1. INTRODUCTION
along the length.
?@t (s; t) + @4s (s; t) = a@
2
sf(s; t)
viscous elastic motor
(1.1)
where ? [pN  s=m2] is the hydrodynamic drag,  [pN  m2] is the bending
rigidity of the axoneme, f [N=m] is the force density along the length and a [m]
is the diameter of the axoneme,  is the bend angle, s is the coordinate along the
length of the axoneme.
Let us assume a planar wave of motion in the axoneme:
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We will now find the force (f) as a function of this wave.
Plugging in 1.2 into the sperm equation 1.1 we obtain
?@t
 
	e2i(t 
s

)

+ @4s
 
	e2i(t 
s

)

= a@2sf(s; t) (1.3)
note that
@t
 
	e2i(t 
s

)

= 2i	e2i(t 
s

) (1.4)
@4s
 
	e2i(t 
s

)

=
164
4
	e2i(t 
s

) (1.5)
calculating the derivatives of the terms on the left-hand side (as shown above), the
sperm equation will take form of
?2i + 
164
4
 = a@2sf(s; t) (1.6)
or 
?2i + 
164
4

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solving for f , we obtain
f =  

?
2
2a
i+ 
42
a2

 (1.8)
From equation 1.8 we can directly see that the force density will be a wave, that is
phase-shifted against the wave of motion, as there is a complex coefficient before  .
If we could observe both waves at the same time, it would give us direct proof (or
rejection) of the current motor-response models and give new insights about motor
regulation in the axoneme. A great and more detailed description of phase-shift for
18
CHAPTER 1. INTRODUCTION
different models can be found in [66].
1.8 Oda1 mutant of Chlamydomonas reinhardtii
The oda1 Chlamydomonas reinhardtii strain was first isolated by Ritsu Kamiya
[39], he has shown that this cell swims at around 35m=s (about half the speed of
wild-type) and the flagellar beat frequency is around 25Hz (almost one third of the
speed of wild type). Later, it was found that the oda1 mutant axonemes are missing
the outer dynein arm docking complex [38, 75], due to a mutation in the ODA1
locus. The absence of the complex prevents dynein from taking its position on the
doublets. The structures are compared in figure 1.10, from the electron micrographs,
it is easy to notice that the density of outer dynein arms is missing in the mutant
oda1 axoneme.
(a) Wild-type (b) Oda1
Figure 1.10: Electron micrographs of cross-sections of wild-type and oda1 ax-
onemes. It is directly visible, that the outer dynein arms are missing from the
structure. Scale bar 0:1m, image from [38]
It is possible to reintroduce the dynein motors back to the oda1 axoneme, by
adding a wild-type salt extract, which will contain both the outer arm motor pro-
teins and the docking complex. Such reconstituted axonemes perform very closely
to the wild-type beating frequency [76, 64].
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Swimming velocity(m=s) Beat frequency(Hz) Flagella length(m)
wt 136:0 12:0 51 13 11:1 1:9
oda1 46:7 5:9 23 3 11:4 2:0
Table 1.1: Comparison of characteristics of wt and oda1 swimming velocity, flagellar
beat frequency and flagellar length, adapted from [80]
1.9 About fluorescently labeled nucleotides
Numerous fluorescently labeled nucleotides have been successfully used to probe
both proteins and nucleic acids [5]. They have been used in various assays to study
motor proteins, including myosin, kinesin and dynein.
For our investigation it was important to have a hydrolyzeable ATP analog, which
can support the activity of dynein. Several studies have successfully used 2’(3’)-0-
Anthraniloyl-ATP (Anthraniloyl adenosine triphosphate (Ant-ATP)) and 2’(3’)-O-
(N-Methylanthraniloyl) Adenosine 5’-Triphosphate (Methylanthraniloyl adenosine
triphosphate (mant-ATP)) to reactivate axonemes [33, 42, 59]. Thee structures of
these modified nucleotides are shown in figure 1.11.
Interestingly, reactivation is possible for sea-urchin sperm axonemes [59] and not for
wild-type Chlamydomonas axonemes[42]. Even so, some mutants of Chlamydomonas
with reduced numbers of outer arms can be reactivated with these nucleotides. These
types of axonemes are summarized in table 1.2, along with beat frequency measure-
ments. It becomes apparent, that there needs to be a significant reduction in the
number of outer arms of the Chlamydomonas axoneme for it to reactivate with
mant-ATP. We can also see directly that the modified nucleotides generate a much
lower beat frequency then regular ATPin all cases.
(a) Anthraniloyl adenosine triphos-
phate (Ant-ATP)
(b) Methylanthraniloyl adenosine
triphosphate (mant-ATP)
Figure 1.11: ATP labeled with fluorescent tags (shown in 3’ configuration)
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Why it is that neither mant-ATP nor Ant-ATP reactivate wild-type Chlamy-
domonas axonemes is not clear. Structurally sea-urchin sperm has only two out
of three heads in the outer dynein arms, this, along with success in reactivation of
Chlamydomonas mutants with reduced outer arm numbers hints at this subset of
motors is involved. One explanation, is that one of the three outer arm heavy chains
fails to use the analog, and remains in rigor state, inhibiting the beat [42]. A compet-
ing theory that has been proposed suggests that the analogs activate more dyneins
at the same time, causing a force imbalance, or perhaps changing the activation of
other motors that leads to paralysis [60].
Both analogs are fluorescent. The quantum yields of the analogs varies signifi-
cantly depending on solvent polarity, the values can increase 4-5 fold when comparing
water and 80% ethanol as solvents. The emission maxima also shift, about 10nm
towards lower wavelength [31]. Changes in yield are quite beneficial for probing
binding to motor proteins, an increase of fluorescence is observed when mant-ATP
binds to myosin and to dynein. The fluorescent quantum yield of mant-ATP and
Anthraniloyl adenosine triphosphate (Ant-ATP) is 0.22 and is enhances about 2 fold
upon binding to dynein [52].
Other fluorescent nucleotides have been used to probe axonemal dynein, FL-ATP
TR-ATP and Cy3-EDA-ATP in an investigation by Inoue et al.[34]. While the
study found there was ATPase activity of dynein incubated with these modified
nucleotides, the labeled nucleotides did not support sliding disintegration activity
and did not produce gliding motion in microtubule gliding assays. The work pre-
sented in this thesis further confirms that dynein has high substrate specificity.
1.10 Axonemes consume ATP, they also consume
ATP when static
It has been shown that consumption of ATP occurs both in moving and static de-
membranated flagella, although at a slower rate [9, 12, 13, 26]. These studies were
performed using a bulk measurement, containing both motile and immotile (me-
chanically damaged) axonemes. More recently the concept was confirmed in single
cell measurements by Chen et al.[16]. In all cases, the data shows that the immo-
bilized axoneme consumes ATP at the rate of about 30% that of a beating axoneme.
These findings can be explained, in different ways, the dyneins could be hy-
drolyzing ATP even when the axoneme is not moving, with a ’basal rate’. It may
also be that there is a selection of dyneins that is active all the time, and the other
two thirds of the motors are only active during the beat.
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Mutants Structural phenotype Beat Frequency (Hz)
ATP Ant-ATP mant-ATP
Chlamydomonas reinhardtii at 1mM nucleotide
wild-type Wild-type 40:8 9:3 - -
oda-2 Outer arm dyneins miss-
ing
22:7 2:6 4:1 1:2 4:0 0:9
oda-6 Outer arm dyneins miss-
ing
22:0 2:3 2:7 1:2 2:5 0:9
oda-11  HC of outer arm dyneins
missing
35:8 4:2 - -
suppf-1 Alteration of  HC of
outer arm dyneins
19:4 1:9 - -
oda4-s7 More severe defect of 
HC with a reduced num-
ber of outer arms
30:2 0:8 9:6 1:2 7:3 1:3
oda-11/suppf-1 Double mutant of oda-11
and suppf-1
27:7 1:1 - -
oda-11/oda4-s7 Double mutant of oda-11
and oda4-s7 with a re-
duced number of outer
arms
26:7 3:0 9:0 1:4 6:9 0:9
Lytechinus pictus at 0:5mM nucleotide
wild-type Wild-type 36 18 12
Table 1.2: Beat frequencies of axonemes reactivated with fluorescently modified
ATP analogs. Data for Chlamydomonas reinhardtii from [42] data for sea urchin
(Lytechinus pictus) from [59]
In fluorescence assays, I use axonemes that are firmly attached to the surface, and
are thus expected to consume ATP at reduced rates.
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Motivation
2.1 Motivation
It is quite well-understood that the axoneme is a mechanically self-regulated struc-
ture. We are confident that the motors have to have some kind of regulation to
produce the beautiful beat patterns. How this regulation works is a cornerstone
question in the field that is yet to be answered.
The ’top-down’ approach has been very fruitful, where proposing motor response
models and fitting them to the observed beat has given an idea of what regulates
the motor activity. However, a ’bottom-up’ measurement can validate the existing
models and suggest the correct ones.
It would be a dream to perform the ultimate experiment: to observe dynein activity
by a reporter, resolved along the length of the axoneme while it is beating. This
would point to the correct dynein-regulation model. By observing dynein activity,
we would observe force-generation, and would see, along with the wave of motion,
the pridicted wave of force.
In this work, I take the first steps to this goal, exploring the possibility of using
fluorescently-labeled ATP as a reporter of dynein activity.
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2.2 In this work...
In this work I address the following questions:
Which fluorescently-labeled nucleotides can be hydrolyzed by dynein to
produce motion?
In the last ten years many fluorescent labels have been developed, and many labeled
nucleotides are now commercially available. It was my aim to select some of these
nucleotides to try with dynein and see if they can support force-generation.
Can we observe a fluorescent nucleotide binding to dynein in the intact
axoneme?
It is known that at least two fluorescently labeled nucleotides can support axonemal
beat. These nucleotides have been used in bulk assays with dynein [52], but there
are no reports of the nucleotide-binding observed by fluorescence microscopy.
Are we sure it is dynein only binding the nucleotide?
From the very beginning of my work on this topic, this has been an important
question, it got asked every time I presented the idea. Indeed, if I see signal, how
can I prove it is dynein? There are plenty of other axonemal proteins, can we be
sure none of them bind ATP? I will show a way of addressing this question, and
report dynein activity in the axoneme.
Can I say something about dynein activity in the intact axoneme? What
is the turnover rate?
Having answered the previous question, I can find rebinding rates for dynein, and
look for limiting steps for the reaction.
Is the ’ultimate experiment’ possible?
Knowing some properties of labeled nucleotide binding to dynein, I will make some
recommendations and list the problems that need to be addressed in order to observe
the wave of force in the axoneme.
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Materials and Methods
3.1 Chlamydomonas strains
Chlamydomonas reinhardtii strains wild-type CC-137 and oda1 CC-2228 were ob-
tained from http://www.chlamycollection.org/, maintained by the Chlamydomonas
Resource Center at University of Minnesota. The cultures were maintained on agar
plates or in liquid media as described in section 3.2.
3.2 Growing Chlamydomonas cells
Cells were grown in TAP (Tris-Acetate-Phosphate) media prepared according to
Gorman and Levine, 1965 [29]. This media is used for both liquid culture and agar
(TAP-agar) plates. Procedures below are largely taken from Alper et al., 2013 [3]
with slight modifications.
TAP media
To prepare TAP media, stock solutions of Tris-Acetate, Salt Solution, Phosphate
Buffer and Hutner’s Trace Elements (HTE) are used.
All stock solutions are prepared ahead of use, autoclaved for 20 min at 121°C and
stored at room temperature.
Tris-Acetate
Compound Amount (g) Final concentration (mM)
Tris base 242 2000
Dissolve 242 g of Tris base in 600ml of water Titrate to pH 7.0 with glacial acetic
acid. Bring up to 1 L with distilled water.
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Salt Solution:
Compound Amount (g) Final concentration (mM)
NH4Cl 37.5 701
MgSO4  7H2O 10 41
CaCl2  2H2O 5 34
Add distilled deionized water to volume of 1 L.
Phosphate Buffer:
Compound Amount (g) Final concentration (mM)
K2HPO4 10.8 62
KH2PO4 5.4 40
Add distilled deionized water to volume of 1 L.
Table 3.1: Stock solutions for TAP growth media
Hutner’s trace elements
solution, based on Hutner et al. [32] is prepared as follows:
Compound Reagent amount (g) Water (mL) Final concentration (mM)
KOH 20.0 100 300 (based on titration)
ZnSO47H2O 2.00 100 76
H3BO3 11.40 200 184
MnCl24H2O 5.06 50 25
CoCl26H2O 1.61 50 6.8
CuSO45H2O 1.57 50 6.3
(NH4)6Mo7O244H2O 1.10 50 0.9
EDTA, disodium salt 50.00 250 134
FeSO47H2O 4.99 50 18
Table 3.2: Components of stock solution of Huttners Trace Elements, 1 L
1. Degas 50 mL of ddH2Ounder vacuum for use in step 6.
2. Dissolve the first 7 chemicals in ddH2Oas indicated in the table. Note that
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H3BO3 may need to be heated slightly to get it to dissolve.
3. Warm the KOH to 70°C.
4. Boil 250 mL of ddH2Oand add 50 g EDTA.
5. Combine the solutions prepared in step 2 in a large flask and boil.
6. While the combined solution is warming, dissolve the FeSO47H2Oin 50 mL
of ddH2Odegassed in step 1.
7. Add the FeSO47H2Osolution to the combined solution in the boiling flask.
Keep bubbles to a minimum to prevent oxidation. Note that addition of the
FeSO47H2Osolution changes the color to yellow-brown.
8. Boil the combined solution until it gets cloudy.
9. Add the EDTA solution prepared in step 4. The mixture should turn dark
green and remain clear.
10. Decant the solution into a 2 L bottle and allow it to cool to 70°C. While the
temperature is at 70°C, titrate the solution to pH 6.5 - 6.6 by adding 80 - 90
mL of the 70°C 20% KOH solution warming since step 3 with a glass pipet.
Note that the solution should still be clear green. A brown precipitate forms
if the solution gets to pH 6.7 - 6.8.
11. Add ddH2Oto the solution up to 1 L total volume. Note that a small amount
of brown precipitate may form after adding the water.
12. Stopper the bottle with a cotton plug and let it stand for 1-2 weeks, shaking it
once a day, until the solution turns purple and leaves a rust-brown precipitate.
Note that if no precipitate forms, adjust the pH to 6.5 using either KOH or
HCl, as needed.
13. Filter the solution with two layers of Whatman #1 filter paper. Repeat the
filtration, if necessary, until the solution is clear.
To make TAP media, combine the stock solutions in amounts given in table 3.3,
add distilled deionized water to volume of 1 L. Mix well. Autoclave for 20min at
121°C. Media can be stored at room temperature.
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Stock Solution Amount
TRIS-Acetate Solution 10 mL
Salt Solution 10 mL
Potassium Phosphate Solution 10 mL
Hutner’s Trace Elements 1 mL
Table 3.3: Preparation of TAP media from stock solutions 1 L
To make agar plates:
1. Add 1.5% (w/v) agar to TAP media.
2. Autoclave for 20 min at 121°C.
3. Store sealed in 300 mL aliquots.
Growing cells on TAP-agar plates:
1. Melt small volumes (about 300 mL) of agar containing TAP media in the
microwave and pour plates in a cell culture hood. To avoid condensation on
the lid of the plates, keep the plates unsealed in the hood while they cool to
room temperature.
2. Seal plates with Parafilm M (Pechiney Plastic Packaging) and store at room
temperature until used.
3. In the cell culture hood, plate cells in thin stripes 5 mm apart using a standard
inoculation loop. Seal with Parafilm, and keep at room temperature (22-24°C)
under the illumination of a 15 W fluorescent bulb. Cells should be re-plated
every 2-3 months.
Growing cells in liquid culture:
1. Inoculate a pre-culture (about 300 mL) of growth medium with a pea-sized
volume of cells scraped off an agar plate with a sterile inoculation loop in the
cell culture hood. We use glass bottles (Fischer Scientific, GL45, 0.5, 1, 2, or
10 L) equipped with 2-port lids. It is good practice to choose a bottle slightly
larger, so that the foam that may form does not clog the filters.
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Figure 3.1: Cartoon drawing of liquid culture bottle (picture from [3])
2. Place the bottles in the light, we use 75 W fluorescent bulbs which are mounted
on one side, keep the bottles 15 cm from the lights. The cell culturing is done
in an air conditioned room at a constant temperature of 22°C.
3. Bubble air through the culture to ensure proper mixing. Ensure the bubbling
is not too vigorous or the culture will evaporate too quickly. This balance
is particularly important with small (< 1 L) volumes. An air flow rate of 2
L/min is sufficient in large culture bottles (> 2 L), and 0.3 L/ min is sufficient
for pre-culture bottles (0.5 L).
4. Monitor the cell density by extracting a sample from the culture (Figure 3.1)
and measuring the absorbance of the sample at 750 nm (A750) using an Ag-
ilent 8453 spectrophotometer. The extinction coefficient of wild type cells
is 4:7  0:5  106 cells/(ODmLcm) [3]. This coefficient takes advantage of
the scattering of the cells rather than the absorbence, as absorbance peaks,
which are proportional to the amount of chlorophyll [63] may not be directly
proportional to the number of cells.
5. Allow cells to grow to the late log-phase (for growth curve, see figure 3.2), up
to a density of 3   7  106 cells/mL. This is usually reached in 2 - 2.5 days.
The growth of cells, as they metabolize the acetate in the media causes an
increase in the pH.
6. Inoculate a growth culture by diluting the pre-culture in a larger volume of
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Figure 3.2: Cell growth curve of Chlamydomonas (from [3])
TAP media. Aim for about 2 105 cells/mL. Work in the cell culture hood.
7. Allow cells to grow up to a density of 3  7 106 cells/mL.
8. The previous two can be repeated as necessary or scaled up to grow the desired
amount of cells. Around 5 1011 cells (or about 60 L of fully grown culture)
are necessary to purify an adequate amount of protein for dynein, whereas
only 109 cells are necessary to perform reactivation assays.
9. Purify axonemes from cultures that have a density of 3 7106 cells/mL and
are not older than 2.5 days.
3.3 Axoneme purification
Axonemes were purified by deflagellating using dibucaine procedure and demembra-
nating Chlamydomonas flagella based on Witman, 1986 [83] and described wonder-
fully in Alper, 2013 [3].
Preparation of buffers
The buffers and stock solutions (table 3.4) for the procedure should be prepared
ahead of time and stored at 4°C.
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Buffer HEPES MgSO2 DTT(*) EGTA K-Acetate PEG Sucrose
(mM) (mM) (mM) (mM) (%) (%)
HE 10 - - 1 - - -
HMDS-4 30 5 1 - - - 4
HMDS-25 30 5 1 1 - - 25
HMDEK 30 5 1 1 50 - -
HMDEKP 30 5 1 1 50 1 -
Table 3.4: Buffers for axoneme purification.(*)fresh DTT should be added just before
use, as it quickly oxidizes.
Stock solutions:
Compound Preparation Description
Dibucaine-HCl 25 mM in ddH2O, pH5.0 using
HCl
Local anesthetic, induces de-
flaggelation
IGEPAL CA-630 dilute 10% in ddH2O Nonionic detergent, which is
used to demembranate the ax-
onemes
Pefabloc SC 100mM Pefabloc SC in
ddH2O
Protease inhibitor. Use at a
final concentration of 0.2mM
Preparations for reactivation and for protein purification are similar, below is
the protocol for both of the preparations. Small preparations (109 cells) are used for
axoneme reactivations and large preparations (5  1011 cells). These preparations
will be named SP and LP respectively in the protocol.
Cell harvesting and cilia isolation.
1. Measure the density of the culture and check for flagellation under the micro-
scope. If less than 50% of the cells are flagellated, flagellation can be induced
by pelleting the cells by centrifugation at 800g for 5 min and re-suspending
them in ddH2O. Put the cells back into growth conditions described above and
grow for 1.5 hours, this will cause outgrowth of the cilia [43].
2. Centrifuge flagellated cells at 800g.
For SP: pellet cells in 250 mL tubes for 5 min.
For LP: pellet cells in 1 L tubes for 7 min.
Centrifuge at room temperature. Discard supernatant, the cells should form
a distinctly green pellet.
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3. For SP: wash cells by re-suspending the cells in HE buffer and centrifuging
cells at 800g for 5 min.
4. Re-suspend cells in ice cold HMDS-4.
For SP: to a total volume of 10 mL
For LP: to a total volume of 250 mL
To each tube, add Pefabloc to a final concentration of 0.2mM, and work on
ice from this point on.
5. Deflagellate the cells by adding dibucane.
For SP: add 2 mL of dibucaine solution to each tube containing 10 mL of
resuspended cells
For LP: add 50 mL of dibucaine solution to each tube containing 250 mL of
resuspended cells
Rapidly pipet the solution up and down until cells are deflagellated for about
1.5 min, but not longer than 2 min. Monitor deflagellation under the micro-
scope.
6. Once the cells are deflagellated, add ice cold HMDES-4 + Pefabloc to each
tube.
For SP: add 28 ml of HMDES-4 to each tube
For LP: add 550 mL of HMDES-4 to each tube
7. For LP, centrifuge at 1200g for 10 min at 4°C and collect the supernatant
(about 1.5 L) in a clean tube. Note that the pellet is soft.
8. Separate the cell bodies from the axonemes through a sucrose cushion as fol-
lows.
For SP: distribute 35 mL of the supernatant into 50 mL conical polycarbonate
tubes. Underlay it with 10 mL cold HMDES-25 + Pefabloc solution using a
10 mL pipet mounted on a 10 mL plastic syringe or a peristaltic pump.
For LP: distribute 300 mL of the supernatant into 500 mL conical tubes. Un-
derlay it with 150 mL cold HMDES-25 + Pefabloc solution using a 50 mL
pipet mounted on a 50 mL plastic syringe or a peristaltic pump.
9. Centrifuge at 2400 g using a swinging bucket rotor at 4°C
For SP: 10 min
For LP: 20 min
Set the acceleration and deceleration low, so that the cushion does not mix
with the cell suspension.
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10. If the preparation is for reactivation assays, collect the upper layer and ensure
no cell bodies remain in this supernatant. Repeat steps 8 and 9 if necessary.
If the preparation is for purification of proteins, collect the upper layer and
much of the sucrose cushion interface because flagella accumulate at the inter-
face. There will be some cell bodies, but at this point it is more important to
collect as many axonemes as possible for the preparation.
11. Centrifuge the supernatant at 31000g for 20 min at 4°C.
For SP: use 50 mL round- bottom polycarbonate tubes
For LP: use 250 mL tubes.
12. Pour off and discard the supernatant. The pellet contains the isolated flagella.
13. Isolated flagella may be left overnight at 4°C
3.3.1 Demembranation and axoneme isolation
1. Re-suspend the isolated flagella in 5 mL of ice-cold HMDEK+ 1% IGEPAL+Pefabloc.
Re-suspend carefully to avoid foaming remove flagellar membranes.
2. Centrifuge the axonemes at 31000g in 50 mL round bottom polycarbonate
tubes for 20 min at 4°C.
3. Discard the supernatant.
4. Re-suspend the axonemes in 500L of ice-cold HMDEKP and repeat steps 2
and 3.
5. Re-suspend in 100L HMDEKP+Pefabloc.
6. Use axonemes immediately or freeze isolated axonemes in 30-50% saturated
sucrose or 30% glycerol.
To minimize mechanical damage and keep as many axonemes as possible, handle
the axonemes gently and minimize contact with surfaces.
3.4 Dynein purification
Dynein can be purified from demembranated axonemes using salt extraction and
ion exchange chromatography [28, 37]. In this protocol the isolated flagella from 3.3
are used, isolated from the large preparation of 5 1011 cells.
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Demembranation and axoneme isolation
1. All steps of this protocol should be performed in the 4°C room.
2. Add 8 mL of HMDE + Pefabloc to one tube of isolated flagella and re-suspend
the pellet with a pipet. Pipet the resuspended flagella in the next tube, and
re-suspend that pellet. Continue until all the pellets are resuspended.
3. To collect remaining axonemes, rinse each tube with an additional 2 mL of
HMDE + Pefabloc, moving the liquid from one tube to the next and combine
it with the resuspended pellet.
4. Divide the resuspended flagella into two 6 mL polycarbonate tubes each with
5 mL of isolated flagella in HMDE.
5. To each of the tubes add 50L 20% IGEPAL to a final concentration of 0.2%
IGEPAL, and mix gently with a 1000L pipette tip. Try to no get bubbles.
6. Centrifuge at 45000g for 20 min at 4°C and discard the supernatant.
7. Resuspend the pellet in 5 mL of HMDE + Pefabloc.
8. Centrifuge at 45000g for 20 min at 4°C and discard the supernatant. The
pellet now contains isolated axonemes.
Crude dynein extraction
1. Resuspend the isolated axoneme pellet in 1 mL of HMDE + 0.6 M KCl +
Pefabloc and incubate on ice for 20 min.
2. Centrifuge at 27000g for 20 min at 4°C, save the supernatant.
3. Resuspend the pellet once again in 1 mL HMDE + 0.6 M KCl + Pefabloc
once more and incubate on ice for 20 min.
4. Centrifuge at 27000g for 20 min at 4°C and save the supernatant.
5. Combine the supernatants from steps 2 and 4. This makes the crude dynein
extract (CDE). Note that the remaining pellet is ’emptied’ axonemes.
Purification of axonemal dyneins from protein extract
1. Axonemal dyneins are purified and separated from crude dynein extract. All
the following steps should be performed in the 4°C room. Any solution applied
to the column should be filtered through a 0.22m filter.
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2. Centrifuge the CDE at 125000g at 4°C for 10 minutes to clarify the solution.
Dilute the supernatant at least ten-fold before loading onto the ion exchange
column to reduce the concentration of KCl.
3. Mount a MonoQ 10/100 GL (GE Healthcare, 8 mL) ion exchange column on
the HPLC.
4. Prepare the HPLC system and the column for the subsequent procedures by
washing the system with ethanol, ddH2Oand HMDE + 1 M KCl (all solutions
.22m filter!).
5. Equalize the system and column with 10CVs HMDE.
6. Apply the clarified CDE to the column at a rate of less than 0.5 CV/min to
maximize protein binding.
7. Elute dynein with a 160 mL linear gradient of 200 - 500 mM KCl + HMDE.
Collect the eluate in 80 fractions of 2 mL.
8. Collect the fractions of interest and perform buffer exchange. Apply the frac-
tions to a 100 kDa MW cut-off centrifugal filter (Amicon Ultra-15, PLHK
Ultracel-PL Membrane) and fill with HMDE to 15 mL. Centrifuge the filter at
4000g at 4°C until a small volume remains. Repeat by adding HMDE and
centrifuging as necessary to ensure the buffer has been exchanged and the KCl
concentration is less than 1 mM.
9. Measure the protein concentration by absorption at 280 nm. Dilute the solu-
tion to the desired concentration in HMDE + 30% saturated sucrose. It is a
good guideline to aim for storing axonemal dyneins at 1 mg/mL or 300 g/mL
aliquots. Snap freeze axonemal dynein in liquid nitrogen, and store at -80°C.
10. Wash the column with at least 5 CVs of each HMDE + 1 M KCl, HMDE,
ethanol, and ddH2O.
3.5 Fluorescently labeled ATP
Fluorescently labeled ATP was purchased from Jena Bioscience, Germany, except
deac-amino-ATP, which was a kind gift of Martin Webb (The Francis Crick Institute,
UK).
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Figure 3.3: HPLC of dynein with labeled dynein chains (modified from [37])
3.6 Axonemes with reduced number of dynein
3.6.1 Reducing the number of dyneins in axonemes
Salt-extraction of dynein is a complimentary procedure to dynein purification, done
for a smaller preparation of 2 109 cells. This protocol starts with demembranated
axonemes. All steps should be performed in the 4°C room.
1. Resuspend the isolated axoneme pellet in 100µL of HMDEKP + Pefabloc.
2. Split the volume into separate tubes, according to the number of desired num-
ber of salt concentrations.
3. Add KCl to reach desired concentration for each tube, leaving one as a control.
Incubate for 20 minutes.
4. Centrifuge tubes at 27000g for 20 min at 4°C. Remove the supernatant.
5. Re-suspend the pellet in each of the tubes in 30µl of HMDEKP + Pefabloc
6. Use axonemes immediately or freeze isolated axonemes in 30-50% saturated
sucrose or 30% glycerol
7. Check amount of dynein extracted by SDS-PAGE of the axonemes.
3.6.2 Determination of dynein content in extracted axonemes
To find out how much the amount of dynein is reduced by the salt-extraction pro-
cedure, I used SDS-PAGE, with oda1 axonemes as a reference. Coomassie dye
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binds differently to different proteins, however, it is possible to compare the ratio
of proteins, in our case dynein (variable) and tubulin (abundant in the axoneme
and constant). To achieve a comparison a gel should be loaded with a sequence of
dilutions of the axoneme. This approach also allows to monitor for linearity of the
binding with change in protein amount.
Gel electrophoresis
The electrophoresis is performed using the Laemmli method [79], using a mini-
electrophoresis chamber (Mini-PROTEAN Tetra Vertical Electrophoresis Cell, Bio-
rad), pre-cast polyacrylamid gels (Mini-PROTEAN TGX Gels, Bio-rad). Tris/G-
lycine/SDS running buffer, and SDS sample buffer (both Bio-rad).
Staining solution 1 L:
Amount Compound
0.5 g Coomassie R250
100 ml glacial acetic acid
400 ml methanol
500 ml ddH2O
1. Add 100 ml of glacial acetic acid to 500 ml of ddH2O.
2. Add 400 ml of methanol and mix.
3. Add 0.5 g of Coomassie R250 dye and mix.
4. Store at room temperature in a sealable container.
Fixing solution 1 L:
Amount Compound
500 ml Methanol
400 ml H2O
100 ml Acetic acid
1. Add 100 ml of glacial acetic acid to 500 ml of ddH2O.
2. Add 400 ml of methanol and mix.
3. Store at room temperature in a sealable container.
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Destaining solution 1 L:
Amount Compound
200 ml methanol
100 ml glacial acetic acid
700 ml H2O
1. Add 100 ml of glacial acetic acid to 700 ml of ddH2O.
2. Add 200 ml of methanol and mix.
3. Store at room temperature in a sealable container.
Electrophoresis procedure:
1. Mix axoneme solution with appropriate amount of 5x sample buffer (Bio-rad)
and ddH2O.
2. Keep for 5 min in a heat-block set to 90°C.
3. Assemble mini-PROTEAN cell with pre-cast gel. Dilute the 10x running buffer
to 1x and fill the cell.
4. Load the samples onto the gel.
5. Connect electrodes and set the power supply to run for 35 min at a constant
voltage of 200 V.
6. After run finishes, remove gel from the chamber.
7. Place gel into a container, fill with Fixation solution and soak, with gentle
agitation, for 30 min.
8. Remove the Fixation solution and replace with Staining solution. Leave with
gentle agitation, for 20 min.
9. Remove the staining solution and wash the gel gently with ddH2O. Fill con-
tainer with destaining solution. Leave with gentle agitation for 1 hour or more.
Solution may need to be replaced a few times to provide optimal destain.
10. Scan gel with tabletop electronic scanner (Epson V700), using the positive film
setting, 600 dpi.
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Figure 3.4: Gel analysis: bands for each protein are selected, the integrated density
is plotted against pipetting volume. A linear function is fit, see text for more detail.
Analysis of gel
Scanned images of the gel were analyzed in Fiji software suite [70].
1. Select a rectangle, to accommodate the protein band of interest eg. dynein,
save the selected region of interest to the ROI manager (shortcut [t]).
2. Move the selection to the next dynein band and save again, repeat for all
lanes. Use the “Measure” function of the ROI manager to obtain the integrated
density of the region (figure 3.4a).
3. Plot the resulting intensity against volume of axoneme sample (fig 3.4b). By
fitting the values with a least-squares fitting procedure, a coefficient of dye-
binding can be obtained for the protein.
Tubulin can be used as a reference protein, it is constant between axonemes and
abundatn. The ratio of coefficients between dynein and tublin for each kind of ax-
oneme can be compared between different kinds of axonemes to give the relative
dynein amount. Often I use oda1 axonemes as the reference.
3.7 Easy-clean glass
For the in vitro assays it is important to have a reproducible protocol to clean glass,
used to make flow chambers. Below are the instructions for the easy-clean procedure.
1. Place cover-glass or microscopy slides in holders.
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2. Place holders in a container, add detergent to cover the glass (10% v/v Mucasol
in ddH2O).
3. Sonicate for 15 minutes in a bath.
4. Rinse the glass and container with deionized water.
5. Fill the container with ethanol to cover the glass.
6. Sonicate for 15 minutesin a bath.
7. Rinse the glass and container with deionized water.
8. Repeat steps 2-7.
9. Rinse the glass with ddH2O
10. Dry the glass with filtered pressurized air or nitrogen.
11. Store coverslips in an air-tight container.
3.8 Glass flow chambers
Paralm
CoverglassGlass slide
Figure 3.5: Cartoon drawing of a glass chamber made with Parafilm
Glass chambers for in vitro assays are made with Parafilm M (Pechiney Plastic
Packaging), 100m thick. The volume of the chamber can be varied by changing
the size of the coverglass used and the width of the Parafilm chamber.
The scheme of the flow-chamber made with coverglass can be found in 3.5.
1. Cut two Parafilm strips, larger in length then the top coverslip.
2. Place Parafilm strips on a large (20 20mm) coverslip or coverglass and align
to create desired arrangement.
3. Place the smaller (usually 18 18mm) coverslip on top of the parafilm strips.
4. Melt the Parafilm by putting the chamber on a clean hot plate, then allow to
cool, sealing the channels.
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If an 18 18mm coverglass is used for the cover, with the Parafilm spaced at 3 mm,
the chamber volume is 0:1mm 18mm 3mm  5L. To obtain smaller volumes,
the coverslip can be cut to create a shorter chamber.
The chamber can be filled by pipetting the desired solution on the open side of the
chamber. Solutions can be exchanged by pipetting in the new solution on one open
side, while drawing out the previous solution with fliter paper from the other open
side.
3.9 Reactivation of isolated axonemes
Reactivation of isolated axonemes has been describes in previous studies [Bessen et
al., 1980, Hyams and Borisy, 1975, Kamiya, 2009]. I reactivate isolated axonemes
in the following steps:
1. Make a flow chamber of desired size, as described in section 3.8
2. Fill the chamber with 2 mg/ml casein (Sigma) in HMEKP for 10 minutes.
The protein forms a coating on the glass, which very effectively prevents the
axonemes from sticking to the surface of the glass.
3. Thaw the stored axoneme aliquots. Dilute the axonemes to desired amount
in HMDEKP + ATP. I find that in my preparations around a 10-fold dilution
of axonemes is necessary for good visualization. The reactivation starts at
mixing.
4. Perfuse the solution into the chamber quickly.
5. Seal the chamber with Valap or clear nail polish to prevent evaporation and
minimize flows in the chamber. This is optional, but recommended for longer
experiments.
6. Observe axoneme reactivation at the surface of the chamber.
3.10 Growing microtubules in vitro
Microtubules can be reassembled in vitro. In this work, I used bovine brain tubulin,
isolated in our lab. The following steps will achieve taxol-stabilized microtubules.
Buffer preparation:
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Compound Concentration
Pipes 80 mM
MgCl2 1 mM
EGTA 1mM
Table 3.5: BRB80 buffer preparation
1. Dilute the required amount of chemicals in ddH2O
2. Stir until it is completely dissolved. Pipes will dissolve completely at next
step.
3. Adjust the pH with KOH to 6.9.
4. Filter the resulting solution through a 0.22m filter (Millipore)
Taxol-stabilized microtubules
Volume Reagent Stock concentration Final concentration
10L Tubulin 40M 32M
0.5L DMSO 100% 5%
0.5L MgCl2 100mM 4mM
0.5L GTP 25mM 1mM
1L BRB80
Table 3.6: Reagents for microtubule polymerization
1. Mix together the polymerization buffer:
0.5 L DMSO
0.5 L 100 mM MgCl2
0.5 L 25 mM GTP
1 L BRB80
Final volume of 12.5L
2. Mix tubulin with the polymerization buffer:
10 L 40 M Tubulin
12,5 L Polymerization buffer
3. Incubate on ice briefly
4. Incubate for 30 min at 37°C
5. Quickly dilute the tubulin mixture by adding 100L BRB80 + 10M Taxol
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6. Centrifuge the solution in tabletop Airfuge (Airfuge Air-Driven Ultracentrifuge,
Beckman-Coulter) at 20 psi
7. Discard the supernatant and re-suspend the pellet in 100L BRB80 + 10M
Taxol
8. Keep microtubules at room temperature
3.11 Dynein microtubule gliding assays
Constructing the gliding assay
In a micrtoubule gliding assay it is desirable to have the motor domains of the dynein
proteins to be pointing up. To achieve this, biotinlyated axonemal dyneins can be
used. In this work outer arm dynein from the strain wt-lc2-bccp, [22]. The following
protocol was created for a small flow chamber, which can be created by cutting the
easy-cleaned glass slide in half with a glass-cutter.
1. Prepare Parafilm flow chamber as described in section 3.8
2. Flow the following solutions through the Parafilm channel, allowing incubation
where specified.
20L HMDE
10L 1 mg/mL biotinylated bovine serum albumin (BSA) incubate 5 min
20L HMDE
10L 1 mg/mL streptavidin incubate 5 min
20L HMDE
10L 1 mg/mL BSA incubate 5 min
20L HMDE
10L 100 g/mL dynein incubate 5 min
20L HMDE
10L polymerized microtubule solution, see section 3.10
20L HMDE + 20M taxol
10L motility solution (see table 3.7)
3. Image gliding microtubules with differential interference contrast microscopy
at 100x magnification. Record video for velocity analysis.
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Volume Compound Final concentration
5µL 10x HMDE 1x
0.4µL 1 mM taxol 40M
0.5µL 100% -mercaptoethanol 5%
0.5µL 100mM MgCl2 5mM
3.5µL ddH2O
Add 1µL of the mixture to 4µL of 1 mM ATP or labeled
ATP to make 5µL motility solution.
Table 3.7: Motility solution
When labeled nucleotides are used, the channel was prepared, then a gliding
assay with unlabeled ATP was performed to test motility. If microtubules glided as
expected, the channel was cleared of ATP by flushing through 50µL of HMDE +
40µL taxol and checked that there is no motility. Then the assay for a labeled nu-
cleotide was performed. With this procedure each channel has a dedicated positive
control.
Data analysis
The captured video of gliding microtubules was analized using Fiji software suite
[70].
1. Create a maximum intensity projection image of the video
2. Select a microtubule track with the line tool and save to ROI manager (short-
cut [t])
3. Plot re-slice of the video, using the region of interest (shortcut [/]). The re-
slice is a kymograph, or time-distance plot of the video. From the angle of
the microtubule track, the ratio of distance and time, or the velocity, can be
found.
3.12 Constructing an ultraviolet TIRF microscope
In this section I describe the total internal reflection fluorescence microscope setup
used in this work. The requirements for the setup were: to have UV-TIRF illu-
mination with an automated shutter and possibility to vary intensity, to be able
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to use a method of transmission microscopy. The switching of methods was to be
electronically controlled. An extra advantage of the setup is that we were able to
add on a line from a mercury-arc lamp, so it was also possible to use epifluorescent
illumination with various wavelengths.
The setup is based on a Zeiss Axiovert 200M microscope, which has a revolving
filter cube turret, allowing for customization to desired wavelength. It also took
care of the requirement to have a transmission method, as several are available with
equipment supplied for the microscope.
For creating TIRF illumination we chose using a 355nm diode-pumped laser, and
to use through-the-objective TIRF, which allows to easily switch between trans-
mission methods and fluorescent illumination. The advantage of using a laser is a
high degree of collimation of light and the availability of high intensity at desired
wavelength.
A detailed cartoon drawing and photograph of the laser TIRF line setup is shown
in figure 3.6, a list of the components used can be found in table 3.8. The laser path
was built using 30mm cage system (ThorLabs), allowing for easy alignment.
Light from the laser is reflected by mirror 1 (M1), passes through an electronically
controlled shutter (SH) and filter wheel (FW) containing six neutral density filters.
It is then reflected by mirror 2 (M2) into the beam expander. The expanded beam
passes through a periscope (M3, M4) and meets a converging lens (L3), which is
mounted on a rail and can be moved to achieve focus on the back focal plain of
the objective. Focused light from the lens is reflected by mirror 5 (M5), which is
positioned on a movable micrometer stage. The light then enters the microscope,
going through a converging lens (L4), comes through filter cube (FC) and is reflected
into the microscope objective. The light is focused on the objective back focal plain
and exits the objective in a collimated beam. The position of the mirror M5 can be
adjusted, moving the focus along the back focal plain of the objective, which allows
to change the angle of the exiting light beam, until it reaches the critical angle of
total internal reflection. A cartoon of the light path in the objective is shown in
figure 3.6c.
The laser shutter is controlled by Ludl electronic controller. The controller is con-
ntected to Dell Precision T1700 workstation, and is controlled by the Andor iQ
Software (Andor), which allows to synchronize the camera and light source shutters.
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Figure 3.6: Optical schematic and photograph of experimental microscopy setup.
Components are labeled as follows: ultraviolet laser (Laser), mirrors (M1-M4), elec-
tronically controlled shutter (SH), neutral density filter wheel (FW), lenses (L1-L3),
dichroic mirror (M5), filter cube (FC). Purple and blue are lines to guide the eye,
representing the UV-laser light and emitted light from the specimen. For details,
see 3.8 1
1Some component images in the schematic were taken from Component Library by Alexander
Franzen http://www.gwoptics.org/ComponentLibrary/ [21]
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Component Description Origin
Microscope Zeiss Axiovert 200M Zeiss
Laser Ultraviolet diode-pumped laser, model
Zouk 05-01 355nm, max power 10 mW
Cobolt
Hg arc lamp Murcury arc lamp HBO 100 Zeiss
Electronic controller Ludl Electronic Products MAC 2002 Con-
troller
LEP
Computer Dell Precision T1700 workstation Dell
M1-M4 25.4mm Mirror, UV Enhanced Alu-
minum
ThorLabs
M5 Dichroic mirror, cut-off 400nm longpass Chroma
L1 Fused Silica plano-concave lens F=-12.0,
UV-coated
ThorLabs
L2 Fused Silica plano-convex lens F=100,
UV-coated
ThorLabs
L3 Fused Silica plano-convex lens F=150,
UV-coated
FW Six-position motorized filter wheel, for 
25.4 mm optics FW102C
ThorLabs
SH 25mm Optical Shutter VS25 Uniblitz
Microscope Axiovert 200M microscope with
DIC/phase capable condenser
Zeiss
Objective alpha Plan-Fluar 100x NA=1.45 Oil ob-
jective
Zeiss
Camera iXon 887 EMCCD back-illuminated cam-
era
Andor
FC Interchangeable filter cube (in the micro-
scope turret). For 355nm laser TIRF:
excitation filter 355/10nm; emission filter
460/50nm; mirror 400nm long pass.
Zeiss/Chroma
Table 3.8: List of equipment used in microscopy setup
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Figure 3.7: Absorbance of microscopy oils. The oils are compared at the wavelength
of interest 355 nm.
3.13 Immersion oil
When working with fluorescent probes, especially using light of lower wavelengths,
it is important to eliminate sources of autofluorescence in the system. This includes
the immersion oil. Several oils were tested: Zeiss Immersol 518 F n=1.518, Richard
Allan Scientific Resolve Immersion Oil high viscosity n=1.515, and Richard Allan
Scientific Resolve Immersion Oil low viscosity n=1.515.
Zeiss Immersol 518 F was chosen based on the very low absorbance at the exci-
tation wavelength (355 nm), absorbance spectra shown in figure 3.7 measurement
preformed with NanoDrop 2000 UV-Vis Spectrophotometer (NanoDrop).
3.14 UV bleaching and recovery assay
The bleaching and recovery assay allows to take a look at mant-ATP binding and
re-binding in intact axonemes. This allows to find chemical rates relating to the
proteins involved.
1. Make a flow cell with easy clean glass, as described in section 3.8.
2. Flow in 10µL axonemes (dilute about 10x) and incubate for 5 min. The goal
is to have several non-overlapping axonemes in a field of view.
3. Flow through 20µL of HMDEKP.
4. Flow in nucleotide solution:
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Volume (µL) Component Stock concentration
41.5 HMDEKP
0.5 mant-ATP 100 µM
0.5 DTT 100 mM
2.5 Glucose 4 M
2.5 Glucose Oxidase 2 mg/mL
2.5 Catalase 0.8 mg/mL
Total volume: 50 µL
5. Image axonemes at 100x magnification in DIC, find a suitable field of view
and bring the axonemes into focus.
6. Switch the microscope to UV imaging protocol.
For bleaching only : caprure in constant TIRF illumination for the duration
of the experiment. I find that 100 ms exposure, capturing at 2 fps is optimal.
For bleaching and recovery: the protocol consists of 12 seconds of constant
bleaching while capturing at 100 ms exposure, 2 frames per second, and sub-
sequent frames in time-lapse mode for probing recovery, 100 ms each. During
this phase the laser shutter opens only during the recording of the frame. I
usually take images at 5s-15s-25s-50s-75s-100s-150s-200s-250s counting from
the end of the bleaching phase.
7. Recorded video can be analyzed as specified in the next chapter.
3.15 Image analysis: work-flow for static axoneme
TIRF experiments
To analyze the bleaching and recovery of the axonemes, I have developed a script in
Matlab computing environment (MathWorks). The procedure is semi-automated,
and allows to extract the mean intensity collected in each axoneme in photoelectrons
per pixel. Building upon the procedure allows to process the data automatically af-
terwards.
Below is a description of the main procedures of the script:
1. The image sequence (video in tif format) is selected and loaded.
2. An average intensity projection of the video is calculated and displayed, along
with a histogram of the image and tools to threshold the image if needed.
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Figure 3.8: Schematic of image analysis work-flow for axoneme bleaching and recov-
ery experiments. (A) Avarage stack projection of the video is displayed for better
visibility. (B) User selects points along the length of the axoneme, the coordinates
are recorded. (C) The selected coordinates are connected, the created path is fil-
tered with a dilation filter (here, 5 pixel sqare), creating a mask. Each axoneme
mask is repeated with an offset to create the background mask. (D) The mask
applied to the 1st frame of the image is shown for visual control, axonemes are
numbered. (E) Data from each axoneme mask is collected. The avarage pixel value
of the axoneme mask is calculated and converted to photoelectrons per pixel. Same
is done for the background. The axoneme intensity is divided by the backgroun in-
tensity for each axoneme and plotted. Three axonemes are shown as demonstration,
the usual number is 50-100 axonemes per experiment
50
CHAPTER 3. MATERIALS AND METHODS
3. The user is asked to enter the number of axonemes in the current field of view.
This will be the number of axonemes to be traced.
4. A cursor appears, now the user can select points along each axoneme. The
selection coordinates are recorded.
5. Once all axonemes have been traced, masks of each axonemes are created. For
each axoneme, the selected points are connected with a line, then the line is
dilated (dilation can be set, for axonemes I use 5 pixels square filter).
6. To create background measurements for each axoneme, the created mask is
translated, such that it occupies pixels near the axoneme (the translation
parameter must be set to ensure no overlap). To account for a possible gradient
in the field of view, the background is selected on both sides.
7. For each mask, the mean pixel value is computed and converted to photoelec-
trons, using the camera specification.
8. The mean pixel value for the axoneme is then background-subtracted. It is use-
ful to use a relative intensity rather then subtraction, this allows to measure the
fluorescent ’response’. The axoneme we see in the image is IAxoneme+Background,
IBackground is also measured separately.
IAxoneme+Backround
IBackground
=
IAxoneme
IBackground
+ 1 (3.1)
the realative intensity is calculated as follows,
I =
IAxoneme
IBackground
  1 (3.2)
9. The relative intensity values are then plotted against time for visual inspec-
tion. A mean can be calculated and fitted, however, usually several videos are
analyzed and aggregated, with a total of 50-100 axonemes.
3.16 Calibration of the camera
It is often useful to calibrate the camera that is being employed. The calibration
allows to find several parameters, such as the offset and the electron conversion
factor. These values can be compared to the camera specification, if such is provided.
Often this data is supplied with the camera, however in the case that it is not, there
is a procedure to measure the values.
Details on the theory of this method can be found in [35, 36]. The protocol presented
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here is based on a protocol made for Micro-manager, which can be found in [55].
Fixed-pattern noise
1. In dark conditions, set the exposure time to zero or the lowest possible. To
create dark conditions, shutter the camera or cover the light path.
2. Acquire 100 images
3. Sum the 100 images
4. Inspect the summed image for fixed patterns, lost pixels, irregularities etc.
Offset
1. In Dark conditions, set the exposure to zero or the lowest possible.
2. Acquire two images. Take the mean of one image, this is the offset. Note:
you can check if there are changes of the offset by taking several images and
comparing the means.
3. Subtract the two images and calculate the standard deviation of the subtracted
image. Scale the standard deviation (SD) by the square root of two. The read-
out noise (RN) is the scaled standard deviation:
RN =
SDp
2
Dark noise
1. In dark conditions, set long exposure time, 5 seconds is a good value.
2. Acquire an image.
3. Calculate the standard deviation of the image, compare it to that from zero
exposure time image, The increase in the standard deviation is caused by the
dark noise of the camera.
Electron conversion factor
For this measurement it is very important to provide a source of uniform illumina-
tion across the camera chip. An easy way to do this is to use a smart-phone screen,
covered with a sheet of printer paper as a diffuser, several sheets can be used to ad-
just brightness. There are multiple free apps for using the screen as an illumination
source.
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Figure 3.9: Photon transfer curve (A) log-log plot of noise as a function of mean
signal, (B) plot of noise squared as a function of mean signal.
1. Remove the objective and place the illumination (smart phone) on the sample
holder. OR, If it is possible, remove the camera then place the illumination in
front of the camera.
2. Changing the exposure time from the lowest possible exposure time up to the
exposure time at which the camera saturates, for each exposure time record at
least two images. To access low exposure times use a small Region Of interest
(ROI): 128 x 128 is a good choice. The illumination should allow for a range of
exposure times to accomodate fitting in the next step. Employ the brightness
settings of the smartphone to achieve desired range.
3. Each set of images subtract the offset, take the mean (M) of one of the images
and subtract the two images from each other, then take the standard deviation
(SD) of the subtracted image. Scale the standard deviation by dividing by
the square root of two.
4. Plot the standard deviation (SD) as a function of the mean signal (M). Fit
the plot with a power law:
SD = aM b
5. Adjust the fitting range such that b equals or close to 0.5. At b = 0:5 the main
noise source is shot noise. The conversion factor is then
k =
1
a2
The value will be in e/DN (electron per digital number) units
6. To recalculate a value for an image pixel into photoelectrons, from each pixel
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subtract the offset and multiply by k. Note, that the coefficient needs to
be adjusted, if there is a electron-multiplier gain used. Alternatively, it is
possible to perform the whole procedure at the gain settings used in the final
experiment.
A Matlab script I created, which measures the photon transfer coefficient can be
found in the supplementary section. It plots the Mean (M), SD and SD2 for each
image in the sequence for visual inspection. Next, SD and SD2 as a function of
M are plotted, this allows to determine the range where b  0:5 and input it into
the Matlab script. Finally, SD2 as a function of M is plotted and a linear fit is
calculated in the specified range, and the coefficient k is determined, as in number
5 above. In figure 3.9, output of the script, the photon-transfer curve is shown.
I obtained a value of k = 0:11, which is agreeable with the camera specifications
(k = 0:125). It is also easy to determine the well-depth (where the linear region
ends with a sharp drop in panel A) is about 104 electrons.
The above mentioned script, accompanied by a script for determining offset and
readout noise, kindly provided by Dr. Mohammed Mahamdeh, can be found in the
supplement.
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Results and discussion
4.1 Which fluorescent nucleotides can be processed
by dynein?
The first objective of my work was to find suitable labeled ATP molecules, which can
be hydrolyzed by dynein. As mentioned in the first chapter, there are two modified
ATPs (mant-ATP and Ant-ATP) that have been shown to be hydrolyzed by dynein,
and to force-production in gliding assays and beating of the axoneme. During the
last decades, many more labels were introduced and many labeled nucleotides be-
came commercially available. We decided to select some labeled ATPs to test with
axonemal dynein.
To test nucleotides for dynein compatibility, a robust assay was needed, that
would indicate if dynein is producing force. We chose to use the dynein gliding as-
say 4.1. In this assay, outer arm dynein, purified from oda2-t-lc2-bccp cells was used
[22]. A great advantage of this particular strain of Chlamydomonas reinhardtii is
the biotin carboxyl carrier protein (BCCP) label. It allows us to use a streptavidin
layer on the microscopy slides, which firmly binds the biotin label on the dynein,
and helps the motor proteins face upright [2].
Once the suitable assay was determined, the next step was to select labeled ATP
for testing. In table 4.1 the selected nucleotides are listed along with the molecular
structures. Since it was known that a 2’/3’-ribose labeled ATP has worked in the
past, we chose mostly ribose-labeled nucleotides with various fluorescent conjugates.
Another argument was that the label had to be small, in hopes that it would not
cause steric problems at the ATP-binding site, thus preference was given to labels
with a lower molecular weight.
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Name/Label Structure
ATP
Adenosine triphosphate
mant-ATP
5FAM-EDA-ATP
480XL-EDA-ATP
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TAMRA-EDA-ATP
ATTO-390-EDA-ATP
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ATTO-425-EDA-ATP
ATTO-465-EDA-ATP
ATTO-Thio12-ATP
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TNP-ATP
ATP--AmNS
deac-aminoATP
6ROX-ATP
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Cy3-EDA-ATP
Table 4.1: List of fluorescently labeled ATPs selected for testing with dynein with
molecular structures shown.
60
CHAPTER 4. RESULTS AND DISCUSSION
(a) Schematic of a gliding assay
(b) Snapshot of DGA imaged in DIC (c) Kymograph of a dynein gliding assay,
microtubule path shown in red
Figure 4.1: Examples of experimental results from dynein gliding assays.
Results of the gliding assays are presented in table 4.2. In these experiments, we
reproduced with confidence the gliding with ATP and observed, as expected, gliding
with mant-ATP. The other nucleotides, however, behaved in a different manner, we
can group them into two kinds: ‘slow gliding’ and ‘no gliding’. The ‘slow gliding’
assays show a velocities of under 20nm=s. This is quite slow, and we can not be
convinced that this motion is not due to a small amount of pure ATP contamination
in the nucleotides.
The labeled nucleotides which produced no gliding showed two kinds of behavior.
After flowing in microtubules into a chamber with a dynein-coated surface, we ob-
serve microtubules binding to dynein in rigor-state, then, upon addition of ATP,
the microtubules start moving, going through the stages release, power-stroke and
rebinding. Some nucleotides caused no motion at all, suggesting that the nucleotide
most likely doesn’t bind to the motor protein, leaving it in rigor state. Another
group of nucleotides caused the microtubules to be released from the surface, which
suggests that the motor gets ‘stuck’ in the release state.
Having observed strong motility only from mant-ATP, and considering our vast
knowledge of reactivation by this nucleotide, it was decided to select mant-ATP for
the next stages of the work.
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Nucleotide Observation Velocity/Comments
ATP Gliding 423 258nm=s (n=12)
edaMANT-ATP Gliding 68:4 31:2nm=s (n=22)
480XL-EDA-ATP Slow gliding 7:4 3:7nm=s (n=10)
ATTO-390-EDA-ATP Slow gliding 10:9 6:4nm=s (n=4)
5FAM-EDA-ATP Slow gliding 11:3 10:6nm=s (n=26)
TAMRA-EDA-ATP* Slow gliding 19:6 10:6nm=s (n=13)
TNP-ATP No gliding Microtubules detached from the surface
ATTO-465-EDA-ATP No gliding Microtubules detached from the surface
ATTO-425-EDA-ATP No gliding Microtubules detached from the surface
ATTO-Thio12-ATP No gliding
Cy3-EDA-ATP No gliding
ATP--AmNS No gliding
deac-aminoATP No gliding
6ROX-ATP No gliding
Table 4.2: Results of gliding assays, performed with outer dynein arm protein.
Gliding velocities and observations are shown where applicable. All nucleotides at
0:8mM , except (*) which was at 0:4mM .
4.2 Reactivation of intact axonemes with mant-ATP
The ultimate test to find out if a nucleotide supports dynein activity in the axoneme
is reactivation using this nucleotide. As I have mentioned in the first chapter, mant-
ATP reactivates axonemes with a reduced number of outer arms. For our work the
oda1 mutant was selected. This mutant is missing all of the outer dynein arms,
through absence of the outer arm docking complex.
As we found out, oda1 mutant axonemes can be reactivated with mant-ATP. In
figure 4.2 beat frequency is plotted against nucleotide concentration, the maximum
frequency obtained at 1M was about 3 Hz. For comparison, the beat frequency of
other mutants lacking outer arms is 2.5 to 4 Hz (see table 1.2).
The reactivation experiment confirms the ability of dynein to hydrolyze mant-ATP
and produce force. It also shows us that the labeled nucleotide activates motors
in the intact axoneme. An interesting observation is that the axonemes would not
reactivate at concentrations of less than 50M mant-ATP, which is not surprising,
as this has been observed for reactivation with ATP for other axonemes (my own
data, and [25]).
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Figure 4.2: Beat frequency of axonemes as function of mant-ATP concentration,
with Hill curve fit.
4.3 Observations of axonemes with UV-TIRF
4.3.1 The fluorescent immobilised axoneme assay
In the assay the axonemes are attached to the surface of a glass coverslip. The ax-
onemes are illuminated by UV-TIR field, which allows to excite fluorescent probes
only at the surface of the coverslip, a good estimate for the depth of excitation is
 200nm from the glass interface. This allows to greatly reduce the background
fluorescence of the diffusing labeled ATP.
4.3.2 Autofluorescence of the axoneme can be induced and
supressed
When working with fluorescent labels and organic matter it is very important to
monitor the presence of auto-fluorescence.
In the case of the axoneme there was no autofluorescence observed directly upon
placing the axoneme in UV light, however it turned out that if the axoneme is left
in the light for an extended amount of time, it does become fluorescent. Subsequent
bleaching of the axoneme was also observed.
It further turned out, that this autofluorescence was suppressed by addition of
an oxygen-sequestering system (glucose, glucose-oxidase and catalase, see Materials
and Methods). Results of a representative control experiment can be seen in fig-
ure 4.3, direct comparison of buffers with and without the scavenger-system, show
that our chosen concentrations create conditions that do not induce autofluorescence
even after considerably long ultraviolet light-exposure (hundreds of seconds). These
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(a) Autofluorescence long-exposure as-
say with no antifade
(b) Autofluorescence long-exposure as-
say in presence of antifade..
Figure 4.3: Autofluorescence assay results. Timelapse movie was taken at 5s in-
terval, 100ms exposure, 200 frame avarage is shown. Total light-exposure time is
1000s. Scalebar 10m
observations and results are consistent with those mentioned by Axelrod in [4].
Presumably some light-induced reaction with oxygen caused such behavior, however
it is unclear what exactly is causing such an effect. For our purpose it is important
to suppress the autofluorescence, which we achieved with an easy buffer modifi-
cation. Conviniently, this addition to the buffer is also useful to reduce protein
photo-damage and improve fluorophore performance.
4.3.3 Bleaching and recovery experiments with immobilized
axonemes
My next step was to observe fluorescent nucleotide binding and dynamics. Axonemes
were flown into a glass chamber, where they attach non-specifially to the surface.
The attached axonemes were then imaged in UV-TIRF microscopy (see fig.4.4).
From these observations, taking into account that we previously ruled out autofluo-
rescence, we can already conclude that the fluorescently-labeled ATP is binding to
the axoneme.
The setup is fitted with an electronically controlled shutter (see 3.12), that can be
controlled with software, allowing to program desired laser shutter on/off sequences.
I used a two-phase measurement, with a ‘bleaching’ and ‘recovery’ phase. A typical
light sequence used consists of two stages: bleaching for 12 seconds when the laser
shutter is open constantly, followed by a stage where the laser shutter is closed,
except short periods of one frame (100ms), which are used to probe the recovery of
signal.
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In the first imaging frame the axonemes showed up brightly lit with bound la-
beled nucleotide. As the axonemes are observed, the field of view is exposed to light,
which results in rapid photobleaching of the axonemes, until the system reaches a
steady state balance. This non-zero value is an indication that there is turnover
in the system and fresh, unbleached mant-ATP molecules diffuse in and are being
rebound, producing a signal of about 30% of the initial value. To confirm turnover,
we can look at the recovery phase, where the laser shutter is closed, and opens only
for probing frames.
The second phase of the experiment shows that in the dark, the fluorescence in-
creases, confirming recovery of signal, and the rebinding of mant-ATP. By eye it
seems that the bleaching is quite fast, and the recovery is very slow in comparison,
at least 10 times slower. In the next section I will provide a parametrisation and
propose a model for the observed processes, which turned out to be more complex
and interesting than we thought!
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(c) Example of data from bleaching and recovery experi-
ments
Figure 4.4: Experimental setup and results of bleaching and recovery experiments.
(a)Schematic of assay (b)Single frame of an oda1 axoneme visible in UV-TIRF
(c)Typical data obtained from oda1 axonemes in one experiment. Grey lines repre-
sent data from each axoneme, in red the mean with standard error is shown.
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4.4 A model to explain the observed data
4.4.1 Parameters used to describe the problem
To further discuss the observed data, I will need to introduce several parameters
that can be used to describe the observations. These are labeled in an example plot
shown in figure 4.5. In the figure, in red is an example of experimental data and
blue and green are lines to guide the eye. The bleaching phase starts with the first
frame intensity P0, then the signal decreases to the bleaching steady state, which we
will name Pi (“i” stands for intermediate). Next we enter the dark or recovery phase,
where the signal starts at the value of Pi and recovery continues, until maximum
recovery is achieved, we will call this steady state recovery value Pr.
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Figure 4.5: A plot of experimental data (in red), blue and green dashed are lines as
a guide to the eye. Parameters used to describe the data are labeled as follows: P0
- initial intensity at 1st frame, Pi - bleaching steady state ’intermediate’ intensity,
Pr - maximum recovery intensity
4.4.2 Kinetic scheme
In the system we are observing, we have two main processes happening: the bleach-
ing of the mant-ATP and the dynein cycle. The labeled ATP is registered in the
assay when it is both bound to the axoneme and fluorescent (the background is
subtracted in the data). To explain the observations, I propose a simple two state
model scheme 4.1.
[DA]
k1

k2
[DA] (4.1)
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Here D is dynein, A is fluorescent mant-ATP, and A is bleached mant-ATP.
There are two rates considered in this scheme, k1 is the bleaching rate and k2 is the
effective rebinding rate, which includes the unbinding of bleached mant-ATP and
rebinding of fluorescent mant-ATP from solution.
When the light is on, both rates are present, once the laser light is shuttered, the
bleaching process stops and k1 can be equated to zero, leading to scheme 4.2.
[DA] k2   [DA] (4.2)
We should also take into account the finite and conseved number of binding sites in
the observed axoneme structures:
[DA] + [DA] = 1 (4.3)
Now we have a framework to derive rate equations for the set scheme and solve them
with the appropriate boundary conditions.
In the case of a bleaching experiment k1; k2 6= 0
8>>>><>>>>:
d[DA]
dt
=  k1[DA] + k2[DA]
d[DA]
dt
= k1[DA
]  k2[DA]
(4.4)
Taking into account conservation 4.3 and solving for the experimentaly observed
[DA](t), we get:
[DA](t) =
k2
k1 + k2
  C1e t(k1+k2) (4.5)
According to the parameter definitions made above we include the boundary condi-
tions:
[DA](t!1) = Pi; [DA](0) = P0
k2
k1+k2
  C1  0 = Pi; Pi = k2k1+k2
k2
k1+k2
  C1  1 = P0; C1 = Pi   P0
(4.6)
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Then, equation 4.5 can be written as:
[DA](t) = Pi   (Pi   P0) e t(k1+k2) (4.7)
where Pi = k2k1+k2 , or alternatively
[DA](t) =
k2
k1 + k2
 

k2
k1 + k2
  P0

e t(k1+k2) (4.8)
Let us introduce the bleaching timescale b = 1k1+k2 , using this definition, we can
rewrite
Pi =
k2
k1 + k2
= k2b (4.9)
Now we can follow a similar argument for the case of recovery experiment,
scheme 4.2, where k1 = 0 and k2 6= 0. The scheme leads to the following rate
equations:
8>>>><>>>>:
d[DA]
dt
= k2[DA]
d[DA]
dt
=  k2[DA]
(4.10)
Again, taking into account the boundary conditions and conservation 4.3, we obtain
a solution for the observable quantity [DA]
[DA](t) = C1e k2t + C2 (4.11)
If we are considering recovery to the value P0, [DA](t!1) = P0, then C2 = P0.
We are observing recovery after bleaching, so the initial value [DA](0) = Pi, and
C1  1 + P0 = Pi, hence C1 = Pi   P0.
Then, the solution can be written as:
[DA](t) = P0 + (Pi   P0)e k2t (4.12)
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or
[DA](t) = P0 +

k2
k1 + k2
  P0

e k2t (4.13)
let us also define the recovery timescale r = 1k2 , then we can rewrite 4.9 as
Pi =
b
r
(4.14)
4.4.3 Two ways of finding intermediate intensity Pi
Using the solutions from section 4.4.2, we now have a function that should describe
the data. A few words must be said here about using the recovery value. We
do not see complete recovery in the assay, instead we observe recovery to a value
Pr < P0. This incomplete recovery can be explained by the fluorescent ATP binding
to the axoneme and turning over with timescales greater than the observation time
(t > 100s). Since the bleaching of such a nucleotide would behave the same way
as any nucleotide, this would only add a term [DA]stuck = Pstucke t(k1) to the
bleaching equation. In the observed system it seems that k1 >> k2, the non-
recovering component would affect the amplitude of the initial value, and not the
timescale. To recap,
[DA](t) = Pi + (P0   Pi) e t(k1+k2)
[DA](t) = Pr + (Pi   Pr)e k2t
(4.15)
I will use P0 and Pr for the following fitting procedures as defined in 4.4.1.
Fitting the equations 4.15 to the data leads to two ways of defining the inter-
mediate intensity. On one hand, it is Pi = b
r
, one the other hand we can get a
direct measurement from the fit. This leaves us two values to compare, the calcu-
lated Pi  370 = 0:04 and the fitted value Pi  0:3. There is an order of magnitude
difference! Such a discrepancy shows that there is on one hand a fast recovery pro-
cess, which would explain the fitted value, on the other hand there seems to be a
very slow recovery process, looking just at the recovery timescale of tens of seconds,
which we get from the fit.
These arguments lead to thinking that there is in fact more than one binding process
going on in the system.
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4.4.4 A multi-component model explains the data
To explain the discrepancy I propose a multiple-process model. Let us imagine that
there are three binding sites in the system: one which binds mant-ATP and then
does not release within out observation time, one which has a fast rebinding rate
(k2f ) and one which has a slow rebinding rate (k2s). The bleaching timescale of
bound mant-ATP is the same in all of these cases. We can now write down an
equation that will combine these processes together. Note, that in each recovery
process complete recovery to the original amplitude will happen.
Bleaching:
[DA](t) = P0nre tk1 +

Pif +(P0f   Pif ) e t(k1+k2f )

+

Pis+(P0s   Pis) e t(k1+k2s)

(4.16)
Recovery:
[DA](t) =

P0f + (Pif   P0f ) e tk2f

+

P0s + (Pis   P0s) e tk2s

(4.17)
where indexes “f ” and “s” represent “fast” and “slow” components respectively, and
“nr” represents the “non-recovering” component.
4.4.5 Fitting the data with the three components
We can now look at each of these components as independent processes, or imagine
them as different binding sites, possibly different proteins. To find out if this model
explains the data well, I fitted the data with a piecewise bleaching and recovery
function, which combines equations 4.16 and 4.17.
From this fit, amplitude and time (or rate) constants and parameters can be deter-
mined. The results are summarized in table 4.3 and figure 4.8.
fast slow stuck
axoneme
Figure 4.6: There are three binding sites on the axoneme, cartoon representation.
To illustrate the results, I plug the determined parameters back into the equations
and overlay them over experimental data in figure 4.7. Each component is shown
in the plot (black, cyan and green), as well as the sum of all three components (in
blue).
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Figure 4.7: Overlay of simulation of the three-component model and experimental
data. Experimental data shown in red, non-recovering component in black, fast-
recovering component in green and slow-recovering component in cyan. Sum of
components is shown in blue.
Of special interest are the fast and slow recovering components on the plot, as we
see the slow component does not contribute much to the intermediate intensity, the
rate of bleaching prevails (k1 >> k2s). For the fast component, the rebinding rate
is quite fast as well (faster than bleaching), in fact, in my measurements the fast
component appears nearly constant due to the quick bleaching.
The two rates can be separated by the assay. During the bleaching phase the steady-
state shows the fast component amplitude, and when measuring recovery, we are
measuring the slow recovery rate and amplitude. In the following chapters I choose
to fit the data with two simple exponential model (equations 4.18), rather than
the above model (with six parameters!), which allows to determine the major time
constants and amplitudes needed for further investigations.
bleaching : [DA](t) = Pi + (P0   Pi) e t(k1+k2)
recovery : [DA](t) = Pr + (Pi   Pr)e k2t
(4.18)
4.5 Which rate(s) belongs to dynein?
Now that there is a way to separate and measure rates in the system, the next
question that arises, is which one of the component rates belongs to dynein. To find
out, I used axonemes with variable amounts of dynein. There are two ways I can vary
the number of dynein motors in the axoneme, one is using mutants with different
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Parameter Mean  SE
bleaching: 1 1:99 0:39 s
recovery: 2f 0:09 0:03 s
recovery: 2s 63 7 s
amplitudes of components
non-recovering 32 2 %
fast 40 2 %
slow 26 3 %
Table 4.3: Parameter values obtained from least-squares fits of three-component
model to oda1 axoneme data. Amplitude components are shown as percentages of
the total signal. All data shown as mean SE, n = 10.
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Figure 4.8: Parameters of three-stat model fit for oda1 axonemes at 1Mmant-
ATP. Data shown in blue, error bar shows standard error. (a) Amplitude of each
component, plotted as fraction of one. (b) Time constant of bleaching, fast recovery
and slow recovery.
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number of dynein arms, and the other is extracting dynein using salt-extraction.
In my assays, I used two types of Chlamydomonas reinhardtii cells, the oda1 and
wild-type, oda1 is missing all of the outer arm dyneins. Details about the dynein
content of the axonemes from these strains and their origin can be found in section
1.8, as well as chapter 3. To reduce the number of dyneins further, I salt-extracted
dynein from the oda1 strain with KCl, the results of which I will explain in detail
below.
4.5.1 Reducing the number of dynein arms using salt
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Figure 4.9: Salt-extraction of dynein from oda1 axonemes was performed with
various concentrations of KCl. Black markers represent the mean and standard error;
in light gray, data from single experiments is shown, the red line is a weighted linear
regression of the data (y = 0:31   0:20x, slope significant t(4) =  4:7, p < 0:01),
dashed line shows 95% confidence bounds. Wild-type axoneme density is represented
by a square marker, the abscissa is selected arbitrarily. On the right is an example
of an SDS-PAGE gel lane, showing the dynein and tubulin bands of oda1 axoneme.
Salt extraction of dyneins from the axoneme is a well-established method. In
this study I used extraction with different amounts of potassium chloride (KCl),
from 0:3M to 1:0M , this method is described in detail in chapter 3. To deter-
mine the amount of dynein in various extracted axonemes, quantitative denaturing
electrophoresis (SDS-PAGE) was used. One of the most abundant proteins in the
axoneme is tubulin, it is much more abundant than dynein and thus can be used
as a reference. By comparing the binding of Coomassie blue to both proteins over
variable amount of well loading, a relative density value of dynein-to-tubulin can be
established.
Data for a range of salt concentrations, along with an example of a gel trace
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are shown in figure 4.9, wild-type axoneme measurement is added for reference
at an arbitrary position on the abscissa, and is not included in the linear fit.
The fit y = ax + b yields coefficients (mean  standard error) b = 0:31  0:03,
a =  0:20 0:04, at R2 = 0:85, t(4) = 22:1, p < :001.
This method allows me to obtain five more kinds of axonemes with different
amounts of dynein, which I will call extracted axonemes. In the intact, unextracted
oda1 axoneme there are 8 dynein heavy chains per 96nm repeat, if we make a rough
estimate, the extracted axonemes have an estimated reduction of up to a third of
this value, making this about 2.5 dyneins per repeat. Importantly, I can now have a
decreasing dynein line-up, which can show how and which of the reaction parameters
change with decrease in dynein protein amount.
4.5.2 Slow recovering component coincides with dynein
When comparing the change in parameters for axonemes with different amounts of
dynein, we expect that the amplitude parameters, that are associated with bind-
ing to dynein, will change and others will not. In the model described previously,
this means we are looking for change in the amplitude Pi, which is related to the
fast-recovering component, and Pr   Pi which is a measure of the slow-recoveing
component.
In figure 4.10a, two kinds of axonemes with different amounts of dynein are com-
pared, oda1 and 1M KCl salt-extracted oda1 . We can directly see that the fast
component amplitude stays very similar for these axonemes, while the slow compo-
nent amplitude decreases significantly. To find out if these observations hold for a
range of dynein, we can look at parameters for all the extracted axonemes and also
wild-type axonemes.
Each parameter (figures 4.10b and 4.10c) was plotted against salt concentration for
extracted axonemes. Wild-type axonemes are expected to have more dynein than
the oda1 mutant, the data for wild-type is placed to the left of oda1 after an axis
break, and is depicted by a square marker. The inset shows the same data re-plotted
against dynein heavy chain density, which was determined by gel-electrophoresis, as
described in the previous subsection (section 4.5.1).
It turns out that the slow recovering component decreases with the reduction
of the amount of dynein, this finding holds across the dynein extracted axonemes.
The data was fitted with a weighted linear regression model, shown in red with 95%
confidence bounds represented by dashed lines. The result of the regression anal-
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(b) Slow component amplitude
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Figure 4.10: Axonemes with variable amounts of dynein (a) Example of measure-
ments for oda1 axonemes and oda1 axonemes extracted with 1M KCl. A decrease in
the value of the recovery (slow component Pr Pi) can be seen, while the bleaching
steady-state (fast component Pi) remains unchanged. Lines that connect the data
points are guides to the eye. (b) Plot of slow component amplitude Pr   Pi with
linear fit shown in red. Dashed line shows 95% confidence bounds, data plotted as
meanSE, left to right: n = 9, 10, 3, 2, 3, 3, 5. Salt-extracted axonemes plotted
against salt concentration, wild-type axonemes shown with a square marker to the
left of the x-axis break, the abscissa position is arbitrary. Inset shows same data,
plotted against density of DHC. (c) Plot of fast component amplitude Pi from the
same data, plotted as meanSE. Salt-extracted axonemes plotted against salt con-
centration, wild-type axonemes with a square marker to the left of the x-axis break,
the abscissa position is arbitrary. Linear regression analysis results in the slope of
the regression being insignificant for oda1 and extracted axonemes. Inset shows
same data, plotted against density of DHC.
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ysis shows that there is a significant slope (slope -0.014, t(6) = 8:6; p < :001) for
Pr   Pi plotted against salt concentration, which we know conicides with reduction
of the amount of dynein. The wild-type axoneme mean is higher than that of oda1
axonemes, however, due to the large variation of the data, especially wild-type, the
values for oda1 and wild-type are not significantly different at 95% confidence level
(p = 0:33). However, if we turn to the inset, we will see that wild-type does not
deviate from the general linear trend, and the dynein content is quite noticeably
variable for wild-type axonemes as well.
These findings show that the slow re-binding is generated by dynein.
On the other hand, the fast component parameter Pi does not increase with
the reduction of dynein with salt-extraction, which is confirmed by linear regression
analysis (t(6) = 1:37; p > 0:24). There looks to be a difference between wild-type
and oda1 axonemes, however, due to the large variation of the data, the values
are not significantly different at 95% confidence level (p = 0:23). If this difference
was significant, if we did see an increase for wild-type, it would mean that the fast
binding site is one of the differences between the mutant and wild-type, it would be
quite interesting.
The behavior of parameters described above, together, shows us that the slow
rate, and only the slow rate belongs to dynein. The fast rate can be assumed to be
some other binding place within the axoneme, for example a different nucleotide-
binding protein.
4.5.3 Comparing the dynein rate to literature values
The observed value of the recovery timescale, r, is about 50s at 1M , which we
can calculate the rate of 0:02M 1s 1. The closest mant-ATP concentration that
can be found in literature, is for beating sea-urchin sperm at 2:5M , with an ob-
served beat frequency of 0:3Hz [59]. This would translate to 0:12M 1s 1. The
dependence of the rebinding rate on concentration is not necessarily linear, but for
order-of-magnitude estimation, considering that we are looking at a close value, the
extrapolated rate can be used as a comparison.
Taking into account that immobilized axonemes consume about a third of the ATP
that a motile axoneme consumes [9, 16, 26], we can reduce the rate by a fac-
tor of three: 0:12
3
M 1s 1 = 0:04M 1s 1, which is close to the experimentally-
determined value of 0:02M 1s 1. Our measurements are consistent with values
estimated from a different method.
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4.6 Variable mant-ATP concentrations point to the
limiting dynein cycle phase
Up to now, only an effective rate k2 was considered. This rate includes both the
release of the nucleotide and the re-binding of new nucleotide. In figure 4.11a the
effective, binding and unbinding rates are shown.
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Figure 4.11: (a) Scheme of reaction, showing the effective constant k2 and the
breakdown of the reaction steps. (b) Plot of recovery rate k2 against mant-ATP
concentration on a semi-logarithmic scale. Data shown as meanSE, n = 3, 3, 10,
3, 3, 3. (c) Lineweaver-Burk double reciprocal plot of of kinetic reaction constant
for a range of mant-ATP concentrations. Data shown as mean SE.
Varying the concentration of mant-ATP in the solution can show which of these
rates is limiting. Let us consider the two possible scenarios.
• If the concentration of nucleotide is limiting, we can expect that with an in-
crease of nucleotide concentration recovery will be quicker and k2 will increase,
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until an excess of nucleotide is reached, and the value will plateau. This result
would mean that the binding phase is the limiting step.
• If the release of nucleotide is the limiting step, it can be expected that the
value of k2 will not change over a range of nucleotide concentrations.
It has to be noted, that the concentrations that can be used in this assay are lim-
ited by the imaging conditions. Even when using TIRF there is a concentration,
at which the signal to background ratio is too low to make a measurement, and,
of course, a concentration that is too low will also produce a very low signal. The
concentrations that gave good signal and consistent measurements are in the range
of 0:1M to 30M , which spans two orders of magnitude, a pretty good range,
which, unfortunately does not overlap with reactivation conditions.
The result of this investigation is shown in figure 4.11b. The data is collected
over the maximum available range of concentrations, recovery kinetic constant k2 is
plotted against mant-ATP concentration. The data very obviously does not look to
behave according to Michaelis-Menten kinetics, to have a better view of this fact,
it is useful to represent the data on a double-reciprocal of rate and concentration,
Lineweaver-Burk plot, where a Michaelis-Menten curve would turn into a straight
line. In figure 4.11c the data is re-plotted in a Lineweaver-Burk plot, and while
there is change over the measured concentration range, it is not a straight line,
which means that the kinetics of this reaction are not Michaelis-Menten kinetics.
This behavior can be explained by, for example, cooperativity of binding, which has
been shown for beating axonemes in Geyer et al, 2016 [25], or by the presence of
an alternative and competing binding site in the protein (an alternative, regulatory
nucleotide-binding site is known in the dynein heavy chain).
4.7 Variable exitation intensity shows quick fluo-
rophore saturation
Altering the bleaching timescale can be done by varying the intensity of the excita-
tion illuminating light. I equipped the TIRF microscope system with a filter wheel,
which contains various neutral density filters, with transmission from 5% to 85%.
Details and a schematic of this home-built setup can be found in section 3.12.
It is expected that the bleaching rate (kb) will increase with an increase of the il-
luminating light-intensity. The data is consistent with that expectation, in figure
4.12, data is shown for kb as a function of excitation power. The parameter value is
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Figure 4.12: Effect of laser intensity variation on bleaching timescale b. Laser
intensity increases along the abscissa. Data shown as mean SD, n = 4, 4, 8, 4, 5,
9, 9, 9.
obtained from a least-squares fit of the bleaching data with an exponentially decay-
ing function I(t) = Ii+ (Io  Ii) e kbt.
The bleaching rate is increasing with an increase in excitation power, reaching a
plateau at around 40% of maximum power. This is a little surprising, that I can
achieve fluorophore saturation with TIRF illumination. It is an inherent charac-
teristic of the flourophore, which is important to know, if one wants to obtain the
maximum possible number of photons from the fluorophore. The measurements
for bleaching and recovery experiments in this work were performed at maximum
power, with bleaching times of approximately 3s.
4.8 Signal to noise ratio in the assay
sum frames S/BN S/SN
1 2.1 1.7
2 2.5 2.2
5 3.4 2.5
10 3.8 3.8
50 4.6 4.4
80 4.9 4.6
Table 4.4: Signal to noise ra-
tios for sums of different num-
bers of frames
In this section I present an example image of an ax-
oneme and provide the signal to background (mean
signal to background noise) ratios, and signal to
signal noise ratios (signal mean to signal standard
deviation). I chose 37% illumination, a value just
before saturation of the bleaching time constant, at
exposure time of 100ms.
In figure 4.13 I present traces along the axoneme
and perpendicular to the axoneme. The sum of
all 80 measured bleaching time points is added for
reference, a sum or an average of slices is used to
determine the position of the selection. The signal
to background noise ratio for the axoneme is about 2, the noise on top of the sig-
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nal, measured along of the length of the axoneme is similar, the ratio is about 1.7.
For the sum of all slices values increases to S/BN = 4.8, the signal to signal noise
ratio is about S/SN = 4.5. More data for sums of different numbers of frames can
be found in table 4.4. In all cases data was corrected for illumination gradient, a
typical occurrence for laser TIRF.
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Figure 4.13: Signal to noise ratio in fluorescence assay. Axoneme imaged at 37%
intensity, images taken in streaming mode with 100ms exposure for 80 frames. Top
row: sum of 80 consecutive bleaching frames, bottom row: first frame. Linescans
across and along the axonemes were performed, values avaraged for 5 pixel line
width. For the single frame image signal to noise ratio S/BN1 (signal to back-
ground noise), signal amplitude to signal standard deviation (along the length) ratio
S/SN1.2.
Because this measurement was made at an excitation intensity, which is close
to saturating, increasing the light should not make the response much better. Note
that this is a very rapid bleaching process, with b  2:5s.
The purpose of this section is to demonstrate what kind of signal I can get from
the MANT fluorophore. In the following section I will make some arguments about
observing the moving axoneme, please keep in mind the signal to background ratio
for the next chapter.
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4.9 Recommendations for using labeled nucleotides
as reporters of dynein activity
Taking into account my findings from previous chapters, I would like to make some
recommendations for using fluorescent nucleotides as reporters for dynein activity,
and give some thoughts on the moving axoneme experiment.
Only a quarter of the labeled nucleotide signal comes from binding
to dynein: We found out in section 4.4.5, that dynein signal accounts for about a
quarter of the total fluorescent mant-ATP signal. If the aim is to observe dynein
only, it is good to know that only a fraction of the signal is relevant.
There is a minimum of nucleotide concentration needed for reactiva-
tion: The second important factor to consider is that there is a minimum nucleotide
concentration, which is needed for the axonemes to reactivate. In our case it is be-
tween 30Mand 50Mof mant-ATP with outer dynein arm-deficient mutant t 1
(oda1 ) axonemes. This is similar to that of wild-type axonemes, which have not
been found to reactivate at ATP concentrations lower than 50M(for example [25],
and my own observations).
Axonemes tumble when beating at low frequency: I noticed when observ-
ing oda1 axonemal beat at low beat frequency, which is produced with 50-500M
mant-ATP, the axonemes tumble and no longer swim to the surface, as they do
when reactivated with high ATP concentrations.
In TIRF microscopy axonemes can only be observed in close proximity to the surface
(about 200 nm), and the intensity of the evanescent wave decays exponentially as
we move from the surface. The thickness of the axoneme is also about 200 nm. This
means, that if one was to use TIRFM, it would matter greatly that the axoneme
is in plane and close enough to the surface for observation. Moreover, since the
illuminating intensity decays exponentially, any variation in the “z” direction would
create varitations in intensity. Confining the axoneme, and making sure variable
illumination is accounted for would be key.
An alternative to using TIRF, is to use a shallow flow chamber and epifluorescent
illumination. This kind of illumination is uniform along the depth of the chamber,
much more forgiving to slight out-of-plane components. As an added benefit, the
axoneme would have much less room to tumble.
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Axonemes can beat very slowly. If one wants to measure nucleotide turnover
in a beating axoneme, it is useful to slow the axoneme down. The beat frequency
with mant-ATP only is 0.5 - 3.5 Hz. The maximum beat frequency of oda1 ax-
onemes with ATP is around 25 Hz. A mixture of both produces a fraction of the
wild-type frequency [42], which allows one to tune the beating frequency.
Taking these things into consideration, a spiking assay could be a good solution,
where a mixture of ATP and Methylanthraniloyl adenosine triphosphate (mant-
ATP) is used. However, due to signal being very low already, it does not seem to
be easy.
During the axonemal beat, the velocity of a point on the oda1 axoneme
is about 4m  0:5Hz = 2m=s to 4m  3:5Hz = 14m=s (full amplitude mul-
tiplied by beat frequency). An important factor to consider, as the motion of the
fluorescent axoneme will create motion blur. In my experiments 100ms exposure
was used, at the lowest beat frequency of 0:5Hz this would mean each 0:16m pixel
would be split over at least 12 pixels, reducing the readout of each pixel. Increasing
exposure time gives more signal, but also decreases time resolution.
Ultimately, a fluorophore, which would allow for single-molecule experiments,
would make all the difference. A spiking assay with a combination of labeled and
unlabeled Adenosine triphosphate (ATP) in a shallow flow-chamber, could be used
to reduce background. If the rebinding is slow enough and the number of photons
the fluorophore emits is sufficient, one could observe where the labeled ATP resides
in the axoneme.
Of course, one would have to carefully characterize the binding of such a labeled
ATP, to see what else it binds to in the axoneme.
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Chapter 5
Summary and outlook
In this chapter, I would like to revisit the questions formulated in chapter 2.2, and
summarize the results that have been obtained in this work.
More than ten labeled ATPs have been tested for force-production with the
dynein motor protein. It was found that only Methylanthraniloyl adenosine triphos-
phate (mant-ATP) supports microtubule translocation in dynein gliding assays as
well as oda1 axoneme reactivation.
Other labeled nucleotides interacted with dynein in different ways. Inhibition in
various states of the dynein cycle was observed.
The binding of a labeled nucleotide (mant-ATP) to the intact axoneme has been
directly observed with TIRF microscopy for the first time.
Dynein has been shown to bind the labeled nucleotide, however, there is there is
another site for binding the nucleotide, with a distinctly different turnover timescale
of around 0:1s. From my estimates, only 20% of the observed signal comes from
dynein.
The effective re-binding (turnover) time constant for mant-ATP in the intact,
immobilized axoneme was determined 0:019 0:008 s 1 at 1M mant-ATP (time
constant of about 50s). This value is reasonable, and is in agreement with literature
data.
Given the current signal-to-noise ratio and the quick fluorophore bleaching that I
observed, an “ultimate experiment” of observing the propagating wave of force with
Methylanthraniloyl adenosine triphosphate (mant-ATP), in my opinion, is very hard
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to achieve.
A better fluorescent label, which allows to perform single-molecule measurements,
should solve most of the problems. It would also be a great tool for the dynein field
in general, if such a labeled nucleotide was developed.
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Supplementary materials
S.1 Calibration of the camera
Determining Offset and Dark noise
1 %%
2 % part o f camera c a l i b r a t i o n
3 %
4 % input : image s tack o f ze ro exposure time ( at l e a s t two images )
5 %
6 % output : image o f f s e t , read out no i s e and p lo t o f o f f s e t as a func t i on
o f
7 % frame number
8 %
9 % by : Mohammed.Mahamdeh@yale . edu
10 % 2014 June 24
11
12 %% Def ine f o l d e r
13
14
15 folder_name = u i g e t d i r ( ’ /Desktop/ ’ ) ;
16
17
18 %% Se l e c t f i l e , read images
19 cd ( folder_name ) ;
20
21 f i l ename = u i g e t f i l e ( ’ ∗ . t i f ’ , ’ Mu l t i S e l e c t ’ , ’ on ’ ) ;
22
23 %Im_read = c e l l ( s i z e ( f i l ename , 2 ) ,1 ) ;
24
25 In f o = im f i n f o ( f i l ename ) ;
26
27 Num_frames = numel ( In f o )
28
29 [ size_X , size_Y ] = s i z e ( imread ( f i l ename ) )
30
31 Img = ze ro s ( size_X : size_Y :Num_frames) ;
32
33 f o r k=1:Num_frames
34 Img ( : , : , k ) = imread ( f i l ename , k , ’ I n f o ’ , I n f o ) ;
35
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36 end
37
38
39 %% subt rac t the 1 s t and the 2nd image . Get o f f s e t and redout no i s e
40
41 img_sub = Img ( : , : , 1 )   Img ( : , : , 2 ) ;
42 imshow ( img_sub ) ;
43 o f f s e t = mean2( Img ( : , : , 1 ) ) ;
44 f o r i =1: s i z e ( Img , 3 )
45 o f f s e t_s ing l e_f rames ( i ) = mean2( Img ( : , : , i ) ) ;
46 end
47
48 readout_noise= std2 ( Img ( : , : , 1 ) ) ;
49
50 %% p l o t s
51
52 % o f f s e t o f s i n g l e frames
53 p lo t ( o f f s e t_s ing l e_f rames )
54 x l ab e l ( ’ frame number ’ )
55 y l ab e l ( ’ o f f s e t ’ )
56 t i t l e ( ’ o f f s e t v a r i a t i o n ’ ) ;
57 %legend ( ’ Location ’ , ’ North ’ )
Script for calculating ADU conversion factor
1 %
2 % Used f o r c a l c u l a t i n g the e l e c t r on to ADU conver s i on f a c t o r ( k ) as a
part o f
3 % camera c a l i b r a t i o n
4 %
5 % Input : s i g n a l o f f s e t ( number ) and image s ta ck s in t i f format . The
6 % stack s are the re sponse o f the camera to even i l l um ina t i on at
d i f f e r e n t
7 % exposure t imes . The s c r i p t w i l l not run i f only one image stack i s
8 % provided
9 %
10 % Output : p l o t o f the SD^2 ( no i s e ) as a func t i on o f the mean o f the
s i g n a l
11 % and a l i n e a r f i t as we l l as the conver s i on f a c t o r ( k ) in e/ADU un i t s
12 %
13 % by : Maria Feo f i l o va
14 % Maria . Feo f i l ova@ya le . edu
15 % 20 . July .2014
16
17 %% Ask f o r O f f s e t
18
19 prompt = ’What was the o f f s e t ? ’ ;
20 r e s u l t = input ( prompt ) ;
21 Of f s e t = r e s u l t ;
22 c l e a r ( ’ prompt ’ , ’ r e s u l t ’ ) ;
23
24 %% Def ine f o l d e r
25
26 folder_name = u i g e t d i r ( ’ /Users / f e o f i l o v /Desktop/ ’ ) ;
27
28 %% Se l e c t f i l e , read
29 cd ( folder_name ) ;
30
31 f i l ename = u i g e t f i l e ( ’ ∗ . t i f ’ , ’ Mu l t i S e l e c t ’ , ’ on ’ ) ;
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32
33 Im_read = c e l l ( s i z e ( f i l ename , 2 ) ,1 ) ;
34
35 f o r i = 1 : s i z e ( f i l ename , 2 )
36
37 f i l eN = char ( f i l ename ( i ) ) ;
38 Im_read{ i } = Read_Multi_tif ( f i l eN ) ;
39
40 end
41
42 %% Crop images
43
44 Im_read1 = Im_read ;
45 Im_read = Crop_Stacks ( Im_read1 , 5) ;
46
47 %% Take 1 s t 2 images , subtract , r ecord in new array , d i sp l ay images
48
49 Im = c e l l ( s i z e ( Im_read , 1 ) ,1 ) ;
50 f o r i = 1 : s i z e ( Im_read , 1 )
51
52 Im{ i } = Im_read{ i } ( : , : , 1 )   Im_read{ i } ( : , : , 2 ) ;
53 % i
54 % f i g u r e
55 % imshow( mat2gray (Im{ i }) ) ;
56
57 end
58
59 %% Calcu la te the Mean , SD, SD^2
60
61 MeanSD = ze ro s ( s i z e (Im , 1 ) , 1 ) ;
62
63 f o r i = 1 : s i z e (Im , 1 )
64
65
66 MeanSD( i , 1 ) = mean2( Im_read{ i } ( : , : , 1 ) )   Of f s e t ;
67 MeanSD( i , 2 ) = std2 ( Im{ i } ) / sq r t (2 ) ;
68 MeanSD( i , 3 ) = MeanSD( i , 2 ) . ^2 ;
69
70 end
71
72 %% Check what Mean , SD, SD^2 looks l i k e
73 f i g u r e ( ’Name ’ , ’ Vi sua l In spe c t i on ’ )
74 subplot ( 3 , 1 , 1 )
75 p lo t (MeanSD( : , 1 ) )
76 t i t l e ( ’Mean vs #’ )
77 subplot ( 3 , 1 , 2 )
78 p lo t (MeanSD( : , 2 ) )
79 t i t l e ( ’SD vs #’ )
80 subplot ( 3 , 1 , 3 )
81 p lo t (MeanSD( : , 3 ) )
82 t i t l e ( ’SD^2 vs #’ )
83
84 %% Def ine M1, M2   This i s important ! !
85 % M1 i s the 1 s t data po int used f o r f i t t i n g and M2 i s the number o f
86 % po in t s to l eave out at the end uses f i t (M1: S M2)
87 M1 = 6 ;
88 M2 = 21 ;
89
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90 % Plot SD^2 vs . mean , f i t l i n e to plot , f i t a p l o t l i n e a r func t i on
91 % Inspec t t h i s p l o t to f i nd a good f i t t i n g range
92
93 S = s i z e (MeanSD, 1 ) ;
94
95 f i g u r e ( ’Name ’ , ’ Plot o f SD2 ’ ) ; hold on
96 p lo t ( MeanSD( : , 1 ) , MeanSD( : , 3 ) , ’ ob ’ )
97 p lo t ( MeanSD(M1: S M2, 1 ) , MeanSD(M1: S M2, 3 ) , ’ ro ’ )
98
99 P = f i t ( MeanSD(M1: S M2, 1 ) , MeanSD(M1: S M2, 3 ) , ’ poly1 ’ ) ;
100 k = 1/(P. p1 )
101 p lo t (P) ;
102
103 l egend ( ’ Locat ion ’ , ’ North ’ )
104 box o f f
105 ylim ( [ 0 i n f ] )
106 xlim ( [ 0 i n f ] )
107 x l ab e l ( ’Mean s i g n a l (DN) ’ )
108 y l ab e l ( ’SD^2 ’ )
109
110 s t r = s t r c a t ( ’Y = ’ , num2str (P. p2 ) , ’ + ’ , num2str (P. p1 ) , ’ ∗ X’ ,
s p r i n t f ( ’ k = %.3 f ’ , k ) ) ;
111 l egend ( ’ Excluded from f i t ’ , ’ Inc luded in f i t ’ , ’ F i t t ed curve ’ , ’ Locat ion ’
, ’ NorthWest ’ )
112 t i t l e ( s t r )
113
114
115 %% Plot SD vs . mean , and f i t t e d curve
116 % s t a r t i n g at M1 s t po int and l e av ing out data a f t e r M2 nd point
117
118
119 f = f i t (MeanSD(M1: S M2, 1 ) ,MeanSD(M1: S M2, 2 ) , ’ a∗x^0.5 ’ )
120 k2 = 1/( f . a .^2)
121
122 f i g u r e ( ’Name ’ , ’ Plot o f SD ’ ) ; hold on
123 p lo t (MeanSD( : , 1 ) ,MeanSD( : , 2 ) , ’ bo ’ )
124 p lo t ( MeanSD(M1: S M2, 1 ) , MeanSD(M1: S M2, 2 ) , ’ ro ’ )
125 p lo t ( f )
126
127
128 x l ab e l ( ’Mean s i g n a l (DN) ’ )
129 y l ab e l ( ’SD ’ )
130 s t r = s t r c a t ( ’ y = a ∗ x^0^.^5 ; ’ , s p r i n t f ( ’ a = %.2 f k = %.2 f ’ , f . a
, k2 ) ) ;
131 t i t l e ( s t r ) ;
132 l egend ( ’ Excluded from f i t ’ , ’ Inc luded in f i t ’ , ’ F i t t ed curve ’ , ’ Locat ion ’
, ’ NorthWest ’ )
133 s e t ( gca , ’ y s c a l e ’ , ’ l og ’ ) ; s e t ( gca , ’ x s c a l e ’ , ’ l og ’ )
Image handling functions
Read multi-layer tif
1 f unc t i on [ Image , sizeX , sizeY , NumFrames ] = Read_Multi_tif ( F i l e )
2
3 In f o = im f i n f o ( F i l e ) ;
4 NumFrames = numel ( In f o )
5 [ s izeX , s izeY ] = s i z e ( imread ( F i l e ) )
6
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7 Image = ze ro s ( s izeX : s izeY :NumFrames) ;
8 f o r k=1:NumFrames
9 Image ( : , : , k ) = imread ( Fi l e , k , ’ I n f o ’ , I n f o ) ;
10 end
11 end
Crop image
1 f unc t i on [ Im_roi ] = Crop_Stacks ( Image , N)
2 % Takes image c e l l array and crops a l l images in i t , d i s p l a y s Image N
3 % fo r crop area s e l e c t i o n
4
5 c l e a r ( ’ Im_roi ’ )
6 imshow (mat2gray ( Image{N} ( : , : , 1 ) ) ) ;
7
8 % Create ROI , crop image
9 Im_roi = c e l l ( s i z e ( Image , 1 ) ,1 ) ;
10
11 h = imrect ;
12 po s i t i o n = int32 ( g e tPo s i t i on (h) )
13
14 % Def in ing the x y coo rd ina t e s o f the r e c t ang l e
15 x1 = po s i t i o n (1 ) ;
16 x2 = po s i t i o n (1 ) + po s i t i o n (3 ) ;
17 y1 = po s i t i o n (2 ) ;
18 y2 = po s i t i o n (2 ) + po s i t i o n (4 ) ;
19
20 f o r i = 1 : s i z e ( Image , 1 )
21
22 Im_roi{ i } = Image{ i }( y1 : y2 , x1 : x2 , : ) ;
23
24 %imshow(mat2gray ( Im_roi ( : , : , 9 ) ) ) ;
25 end
26 end
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